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ABSTRACT
MODELS OF CONCEPTUAL UNDERSTANDING IN HUMAN RESPIRATION AND
STRATEGIES FOR INSTRUCTION
SEPT 1998
MARY ANNE RAMIREZ, B.Sc., VIRGINIA COMMONWEALTH UNIVERSITY,
MEDICAL COLLEGE OF VIRGINIA
M.ED., UNIVERSITY OF MASSACHUSETTS AMHERST
ED.D., UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by: Professor John Clement

Prior research has indicated that students show little understanding of respiration
beyond breathing in and out and the need for air to survive. This occurs even after
instruction, with alternative conceptions persisting into adulthood. Whether this is due to
specific educational strategies or to the difficulty individuals encounter in understanding
complex biological topics, is an important question. The purpose of this study was to
obtain a deeper understanding of students’ development of mental models of human
respiration. This was carried out through case studies on eight eighth graders. The study
was composed of two major parts, one concerned with documenting and analyzing how
students learn, and one concerned with measuring the effect of teaching strategies.
The results of this study may be particularly significant to biology education. They
provide insights into strategies that can be utilized to assist students in understanding a
complex system; strategies that may prove useful in studying other complex biological
systems. All students in this study were successful in constructing mental models of a
complex concept, respiration, and significant differences were obtained on the post test
transfer problems.

VI

Examples are discussed of how analogies, hands-on activities, and computer
animations engaged student learning during instruction and aided students in the
constructing complex mental models of respiration. New strategies, as well as difficulties
encountered in all of the strategies are also discussed, and implications for instruction
delineated.
While significant findings were uncovered about each strategy, possibly most
significant are the new views of analogies as an instructional strategy. Some analogies
appear to be effective for supporting construction of visual/spatial features. Providing
multiple, simple analogies that allow the student to construct new models in small steps,
using student generated analogies, and using analogies to determine prior knowledge may
also increase their effectiveness as an instructional strategy. Evidence also suggests that,
through mapping, students may be able to extend the dynamic properties of certain
analogies to the dynamics of the target conception. This, in turn, may allow students to use
the new models to explain causal relationships and give new function to their mental
models.
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CHAPTER 1

THE PROBLEM
Introduction
Alternative conceptions abound in science at all age levels including the very young,
teenagers, and adults. Since initial conceptual understanding is often based on personal
experiences occurring in the real world, individuals frequently develop mental models as
well as beliefs and attitudes that are not scientifically accurate (compatible with currently
accepted theory). While these individuals may function well with naive or alternative
models about some concepts, such as electricity or relative motion, reliance on other
inaccurate models may be cause for more concern. One such area that appears to be rift
with alternative and naive conceptions is the study of the human body and specifically,
respiration. It is possible that these inaccurate models could interfere with students’
selection of healthy habits particularly in the area of tobacco use. In addition, an
understanding of human respiration is possibly necessary for children to relate issues in the
world around them to their own health, that is the hazards of smoking, pollution, and
diseases of other body systems such as heart disease and cancer. Unfortunately, this is an
area which is often relinquished only to health class, skimmed over quickly in most
elementary and secondary schools, or omitted entirely. In educational research on science
teaching, human biology often takes a back seat to physics.
Addressing the challenge of conceptual change in biology, particularly in the area of
a complex system such as respiration, is a very large and challenging task, if taken
seriously. Pilot research done at the University of Massachusetts indicates that adolescents
harbor serious alternative conceptions about respiration (Rea-Ramirez and Clement, 1997).
Recent research in science education has shown that alternative conceptions in science are
often very difficult to overcome and this was also apparent in the pilot research (Bishop,
Roth, & Anderson, 1986; Sanders, 1993; Songer & Mintzes, 1994). The following
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research study has been conducted in order to lay the groundwork for developing a
substantial and effective curriculum on respiration.
Purpose of Study
It is the purpose of this study to investigate secondary students’ understandings
about human respiration and the effects of instructional strategies designed to facilitate
conceptual change. Through tutoring interviews and subsequent analysis I hope to develop
theories of the development of models used by students as they construct understanding in
this topic area.
Qualitative research questions:
1. What preconceptions do students have about human respiration that emerge
during the tutoring interviews?
2. What patterns of learning are produced by analogies, discrepant events,
animations, and hands-on investigations used in tutoring interviews?
3. At the end of each major stage of instruction, what is the form of the student’s
mental model?
4. What specific criticism of teaching strategies and recommendations for revision
of the instructional sequence can be made?
5. Did conceptual change occur due to instruction by the end of the tutoring
sessions?
Significance of Study
It is intended that information gained from this study will provide hypotheses
concerning general models of learning processes and teaching strategies that can be
supported by the data. Beyond the present study this, in turn, will be useful in developing
teaching models that integrate the study of the effects of smoking into the study of the
human respiratory system as well as problem-based learning strategies for teaching
pulmonary and cellular respiration. It is then expected that promising ideas for teaching
strategies in human respiration may be suggested by the analysis of students’
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preconceptions and mental models, that is, the conceptual model students develop internally
to represent their understanding, in this area. This will benefit both researchers and
teachers alike.
Definition of Terms
Research has referred to those ideas held by students prior to or during instruction
as preconception, alternative conceptions, naive conceptions, and misconceptions.
Clarification of these terms is important if one is to begin to understand students’
conceptual models within the context of conceptual change research. I have therefore
determined the following definitions of terms to be used in this research.
Conceptual change is defined as learning that results in a change in a concept, in
some form, from one conceptual model to a new or revised conceptual model (Chi, Slotta,
& deLeeuw, 1994).
'Preconception refers to a conception held prior to instruction in a particular topic.
‘Alternative conception’ (misconception) refers to those conceptions that are
incompatible with currently accepted scientific conceptions.
‘Naive conception’ refers to those conceptions students hold that, while not
incompatible with currently accepted theory, are simplistic conceptions that are not
scientifically complete from an expert’s view.
‘Prior model’ refers to either an alternative conception (misconception), naive
conception, or an intermediate model, as developed during instruction, that the
student brings to the learning situation.
In addition, it is possible that the disequilibrium produced during conceptual change
may be based on dissatisfaction that is too mild to be called conflict. I propose that there
are milder forms of dissatisfaction in which a person feels an interesting sense of mild
unease, and from which the person may experience a need to pursue some form of change.
The field of conceptual change needs a term for this unease, one that is not too harsh or too
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vague. For this reason, I am proposing two categories of unease collectively referred to in
the literature as “conflict”. The following definitions are provided:
*Dissonance1* refers to a sensed discrepancy between a conception and another
entity observation or other conception. This has been called in the past
dissatisfaction, unease, and dis-equilibrium.
a. Strong dissonance refers to an explicit, strong incompatibility between a
preconception and a new conception. Historically, people have
thought of ‘conflict’ as the strongest form of dissonance.
b. Weak dissonance refers to a mild sensed discrepancy.
‘Discoordination’ refers to a sensed incompleteness of an explanation, outside the
domain of dissonance (Hatano & Inagaki, 1992).
Scope and Delimitations of Study
The focus of this research is on identifying preconceptions, teaching strategies, and
conceptual models that may influence students’ understanding of human respiration. In
focusing on science education as a means of informing students about respiration I will
employ conceptual change strategies that specifically deal with alternative and naive
conceptions that exist either before or occur during instruction. As such, I will emphasize
the use of dissonance producing strategies such as discrepant events, analogies,
experiments, teacher generated models, and computer simulations to stimulate conceptual
change (both dissatisfaction with a prior model and construction of a new, more scientific
model). This does not discount other strategies suggested in the field of conceptual change
theory but draws from all of the research to provide a broader use of dissonance to promote
constructed understanding.
Outline of the Remainder of Study
In the following sections I review the literature from several perspectives. First,
since this study was geared to uncovering and treating alternative conceptions about
respiration, a review of past research that was pertinent to this study was undertaken.
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Second, I discuss the major theories concerning conceptual change as these may hold the
key to both uncovering and effecting understanding of respiration at a conceptual level. It is
these strategies that were employed in the tutoring interviews in this study. I then delineate
the methodology used in this study including a description of the methodology, research
design, pilot study, participants, instrumentation, and documentation. Chapter four
presents an overview of the teaching methodology with theoretical support. Chapter five
will present the results and discussion of both the qualitative and quantitative data analysis
and chapter five the conclusions and recommendations.
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CHAPTER 2
REVIEW OF LITERATURE
Introduction
It is the intent of this review of literature to present three major topics pertinent to
the goal of this research. First, I will discuss the research on students’ conceptual
understanding of human biology and specifically, respiration. Second, I will review
research in conceptual change theory that may play an important role in developing
strategies to promote conceptual understanding in the area of human respiration among
adolescents. From past research I have developed a model cycling strategy that may
provide optimal dissonance useful in promoting conceptual change. Finally I will discuss
problems with traditional teaching strategies as applied to complex topics in biology. This
will include the concept of mental model development within students, why this may be
critical to developing understanding in biology and particularly in topics such as
respiration.
Three basic concerns in children’s learning of science have been identified (Chi et
al., 1991). First, children’s ideas about science under go no change in response to
teaching or if they do change, they are not in the direction intended by the teacher. Second,
alternative conceptions held by young children often persist even into adulthood and, third,
alternative conceptions are not just random but actually develop out of ideas that are both
coherent and integrated even though they are incorrect from a scientific point of view.
These concerns appear to be exacerbated in biology, where American students ranked last
among 16 nations in achievement levels in biology and where an understanding of issues in
biology is imperative for students to interact in the world around them in a constructive way
(Chi, Chiu, & deLeeuw 1991). In fact, the circulatory system ranked in the top five most
important topics to be learned in high school (Stewart, 1982) while others stress that
respiration is fundamental to understanding the way in which living organisms {including
humans) function (Anderson et al., 1986). Issues such as AIDS, global warming, genetic
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engineering, as well as heart disease and cancer are constant daily reminders that
individuals need to be educated about how their bodies work and the effects of outside
influences such as smoking and pollution. It is not enough to just memorize isolated facts
such as naming body parts, but rather developing an understanding that allows students to
participate in finding solutions for these world issues.
Conceptions of Respiration
While students’ data base of facts concerning the internal structures of the body has
increased, their conceptualization of the function of these systems has shown little or no
development. What understanding is evident in the research on children’s understanding
about thier bodies of 1935 is also evident in the research of 1996. This presents cause for
concern since many of the issues students and adults are asked to address today (whether to
pass stricter laws about smoking, pollution, global warming, etc.) need an informed
public, not a public reacting to the best advertising campaign or peer pressure.
Research into students’ understandings about the human body has taken two paths,
one dealing primarily with naming internal structures and one with describing internal
operation. The first and larger body of research describes what structures children can
name within the body (Schilder & Wechsler, 1935; Nagy, 1953; Tait & Ascher, 1955;
Gellert, 1962; Porter, 1974; Blum, 1977; Quiggin, 1977; Mintzes, 1984). The second is a
collection of conceptions children have about how their body works (Amaudin & Mintzes,
1985; Bishop, Roth, & Anderson, 1986; Buckley, 1992; Sanders, 1993; Songer &
Mintzes, 1994), including function, behavior and mechanisms of the body systems.
The earliest research of Schilder and Wechsler (1935) attempted to discover what
children knew about the structure of the inside of their bodies. WTiat they found was that
children primarily described what was under their skin as blood and bones. They often
viewed their body as just a sack to hold food. The authors suggested that,
Normally, our sensations would never disclose to us the existence of heart, lungs,
and intestines. Our experience of our own bodies is based on visual and tactile
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impressions, on our perception of the weight of the body and its various parts
and on the happenings within the sensitive zone close to the surface (p.335).
In other words, ‘if you can’t see anything, you can only go on your gut feelings’.
While function is considered a major biological prerequisite for assigning
importance to a structure, much remains unknown about students’ conception of function.
Students have been asked to name organs and assign behavior without delving into the
reason behind this behavior ( Nagy, 1953; Gellert, 1962; Porter, 1974; Tait & Ascher,
1955). A conceptual understanding of respiration at a cellular level is “...critical to an
understanding of several of the organizing conceptual schemes of the discipline 0biology),
including energy flow in natural ecosystems and metabolic activities of multicellular
organisms such as digestion, respiration, circulation, and excretion (Songer & Mintzes,
1994).” Teachers find respiration a difficult topic to teach and discover that students have a
poor understanding even after instruction (Igelsrud, 1989).
Bishop et al. (1986) examined four major issues in children’s conceptions of
respiration, comparing students’ naive conceptions to a target biological conception: the
nature and function of respiration, location of respiration, respiration as chemical
conversion, and respiration as energy conversion. The authors found that even at the high
school level students considered respiration to be breathing, to take place only in the lungs,
and to involve a conversion of oxygen to carbon dioxide. There was, overall, little
understanding of cellular function in respiration. This was supported by later research
(Songer, 1994) which showed a general lack of understanding of the cellular level of
respiration in college students and that alternative conceptions often persist even after
instruction. In addition, many of the erroneous ideas about respiration appear to be based
on external sensation and observation.
In summary, past research gives us glimpses into students’ conceptions; it has dealt
primarily with structure and secondarily with function. Respiration was not the main focus
of most of these studies but they provided some small pieces of information gained as
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students either drew or discussed another system. Students were asked to fill in as many
organs as they could within an outline of the human body ((Blum, 1977; Porter, 1974;
Quiggin, 1977). While this may actually provide a good approach to find out what
students know, it does not differentiate the naming of various structures from an
understanding of these structures in regards to their function or their mechanism of action.
Only through further empirical research can we begin to understand the mental models
students have developed that help them to explain complex systems such as respiration.
Conceptual Change
Conceptual change can be broken down into theories of conceptual change as they
have evolved throughout history and strategies that researchers have employed to promote
conceptual change. In this section, I will undertake to discuss both of these areas in some
detail so as to lay a foundation for the major fields of thought that have influenced and may
continue to influence new strategies and theories that are just now coming about in the
research. It additionally will lay the theoretical foundation upon which this study is built
Theories of Conceptual Change
Certain strategies have been proposed in other areas of scientific learning to aid
students in developing more scientific understanding about a concept These strategies are
based on the notion that in order for understanding to take place conceptual change must
occur within the individual student. Since it is supposed that this also occurs in the area of
respiration, I believe it is important to review these theories as they are the basis for later
assumptions and strategies used in this research.
Conceptual change is defined as learning that results in a change in a concept
(mental model), in some form, from one conceptual model to a new or revised conceptual
model. It may be that when new knowledge is learned, this new knowledge needs to be
integrated into other existing schemata, which are then also altered. In this instance, while
the student may never have encountered the new information, he/she relies on other
knowledge structures to begin to understand this new information and construct a new
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conceptual model. Complex knowledge systems involve much more than mere
transformation or replacement of one isolated conception with a new conception (Smith, et
al., 1993). The construction of new knowledge relies on prior knowledge imbedded
within schemata whether the student is aware of a relationship or not. The following
sections will review the major theories concerning conceptual change. This is important as
it may not be just one theory but a compilation of theories that provide the most information
for developing new strategies that promote conceptual change.
Radical Restructuring
For radical restructuring to occur a change in core concepts and structure of
knowledge must occur. Radical restructuring requires the learner to acquire new procedural
knowledge with which to reevaluate existing knowledge before change can occur (Duschl,
1992). This view contends that the student may not have the necessary knowledge base or
factual information needed to critically evaluate his/her existing model. An example might
be the naive model of respiration in which students believe that air simply moves into the
body where it is used to sustain life. Because students lack information about structures
and mechanisms of respiration and have a naive notion of respiration, they cannot fully
critique a new model with this limited existing knowledge. Further exploration, examples,
and experiences would be necessary for the students to have sufficient data to begin to
criticize a new model. Other researchers have investigated conceptual change from a
variety of angles that they believe affect how and why individuals undergo conceptual
change. The major view points are discussed briefly in the following sections.

Context
Another view was posed by Linder (1993) and Marton (1981) in which they
suggested that new ideas are related to the context in which they are used. Marton states
that conceptual change then is achieved through a change in the context rather than a change
in the concept. An explanation that describes the action of gravity on Earth may then be
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modified to explain gravity that exists among all objects. The same concept is modified to
be used within other contexts.
Status
Hewson and Hewson (1992) suggest that a change in the status that is given a
conception will allow for a change in the concept. Status is the importance or weight given
a concept. If a concept works well for the person, he/she may have no need to abandon or
modify it for another conception. In addition, when use of a new conception would make
discussion between peers or family difficult or strained, a person may decide to stay with
his/her prior conception. In this case, the acceptance and familiarity derived from
conforming to the conceptions of others is stronger than the need or desire to change.
Therefore, Hewson and Hewson believe that status will affect whether or not a change in
conception might occur.
Intelligibility. Plausibility, and Fruitfulness
Posner et al. (1982) related status to the intelligibility, plausibility, and fruitfulness
of a new conception. Intelligibility requires constructing a coherent representation of the
conception being proposed. The authors state that the concept must be internally
represented by the individual before it is considered as a possible alternative. Plausibility is
defined as the “anticipated degree of fit of a new conception into an existing conceptual
ecology.” The final parameter suggested by Posner et al., is fruitfulness. This implies that
once deemed intelligible and plausible, the new conception is tried in the real world to see if
it resolves anomalies and leads to new insights better than the prior conception. If it can, it
is believed to be fruitful.
Social Interaction
Similar to the notion of status, Vygotsky (1978) stresses the social interaction and
negotiation of new knowledge. This might occur at both the individual level and societal
level. Among individuals in a group, new knowledge is accepted or rejected depending on
the needs of the individuals to explain phenomena and communicate among themselves.
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Larger changes within societies depend on a filtering down of scientific understanding
through education and possibly mass media. Societal beliefs are also passed on through
language which evolves over time.
Reinterpretation
Others state that conceptual change occurs when a preconception is addressed
through gradual introduction, through reinterpretation and exposure to new models but not
extinction of the old conception (Caravita & Hallden, 1994; Grandy, 1990; Vosniadou,
1994). In this model of conceptual change, students gradually reassess their beliefs and
make modifications in existing schemata as new information is accumulated that either adds
to or subtracts from existing conceptions, or requires changes in these conceptions.
Vosniadou provides an example of such conceptual change in her work with students’
concepts of the Earth. Students often began with a notion of a flat Earth. When presented
with new information of a spherical Earth, students began to modify their mental model to
incorporate this spherical Earth but maintained a flat plain within the interior of the sphere
where they believed people lived. It is believed that continued introduction of new pieces
of information and evidence would help students to gradually change their conceptual
model to a currently more scientifically accepted model.
‘Branch Jumping’ and Tree Switching’
Thagard (1992) speaks of degrees of conceptual change. He suggests that while
some conceptual change involves simply addition, deletion, or reorganization of
knowledge, other conceptual change is more complex and involves revisioning, called
‘branch jumping’, or hierarchy redefinition called ‘tree switching’. Darwin’s
reclassification of humans as animals is an example of a revisioning since humans were
previously seen as an entirely different kind of organism. Darwin’s introduction of an
elaborate new theory of evolution as opposed to the then current belief in creationism is an
example of hierarchy redefinition. Thagard suggests that both tree switching and branch
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jumping involve adopting a new conceptual system that is more complex and holistic than
piecemeal belief revision seen in addition, deletion, or simple reorganization.
Strategies for Conceptual Change,
Regardless of how one might view conceptual change occurring within the
individual, all conceptual change theory begins with the belief that students come to the
classroom with many preconceptions, sometimes referred to by researchers as alternative
conceptions, misconceptions, or naive conceptions, and that these preconceptions are
resistant to change. It is from this premise that researchers have developed strategies to
foster and encourage conceptual change. The strategies employed to promote conceptual
change are most often based on a Piagetian theory of cognitive development in which
disequilibrium, dissatisfaction or discord within the individual must be created between the
initial conception of the student (one not in line with scientifically acceptable facts) and the
conception to be taught. A key component of most methods used in conceptual change has
been the use of dissonance (historically called “conflict”) in some form. The following
sections give a sketch of the evolution of strategies in the field of conceptual change. This
does not propose that those strategies introduced first have disappeared as new strategies
evolved, but that changes have taken place, meanings of terms connected with the strategy
often have changed, and the strategy itself may at times fall into disfavor. All of the
strategies mentioned, however, are still used by some researchers at this time. Finally, in
this section I will suggest a new strategy I call ‘model cycling’ that is based on previously
reviewed strategies.
Restructuring Conceptions
While early strategies to promote conceptual change relied solely on discrepant
events, these were modified by later researchers who included strategies that, while still
providing contrast between conceptions, also drew on what the student already knew and
believed. Researchers use the term cognitive conflict to describe this process in their
research on children’s understanding of temperature. There was a shift of attention away
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from elimination of the preconceptions to restructuring of these conceptions (Hewson,
1981; Jensen & Finley, 1995; Posner, Strike, Hewson, & Gertzog, 1982; Stavy &
Berkovitz, 1980; Strike & Posner, 1992). This was in part due to a belief that confronting
misconceptions to cause elimination “presumes that replacement is an adequate model of
learning; and it seems destined to undercut students’ confidence in their own sense-making
abilities (Smith et al., 1993, pp. 120).” In addition, instruction for conceptual change
should not rely on exchanging misconceptions for expert concepts but “provide the
experiential basis for complex and gradual processes of conceptual change (Smith et al.,
1993, pp. 123).”
Strike and Posner (1992) also pointed out that the early work in conceptual change
did not recognize the importance of the interactions between prior conceptions and the new
conceptions. The conflict induced in these early theories came primarily from discrepant
events. Strike and Posner note that conflict may occur through other sources including
criticism of an old schema or conception, calling into question an old model, or disharmony
between two conceptions: an old and a new conception, an old conception and a new
observation, or an old conception and an old observation. Thus, the concept of ‘conflict’
was widening and was not limited to discrepant events or confrontation.
In whatever way ‘conflict’ occurs, it leads one to be more or less dissatisfied with
one’s current model, to mistrust the model to some degree, or to discount the plausibility of
the initial model (Duit, 1994; Scott et al., 1991). Cosgrove and Osborne’s Generative
Learning Theory (1985) and Champagne, Gunstone and Klopfer’s (1985) Ideational
Confrontation Theory are included in this category (Scott et al., 1991). In both theories,
conflict is induced between the student and the teacher or between the student and other
students, as well as through the introduction of discrepant events. Basili and Sanford
(1991) suggest a theory similar to Ideational Confrontation (Duit, 1994) in which students’
ideas are made known and then the students debate the relevance of their conceptions.
Others initiated cognitive dissonance through open-ended questions (Dreyfus et al., 1990;
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Hewson & Hennessey, 1991; Niedderer, 1987; Posner et al., 1982) and through
experimentation and observation of laboratory experiments, demonstrations, and teacher
models (Carey, 1989; Niedderer, 1987; Osborne & Wittrock, 1983; Stavy, 1991; Stavy &
Berkovitz, 1980; Scott, 1991; Rowell & Dawson, 1985). Jensen and Finley (1995) used
historical arguments and discrepant events to induce cognitive dissonance for conceptual
change.
In summary, researchers sought out new strategies to promote conceptual change
that, while still relying on dissonance to cause students to question and criticize their
preconceptions, did not have as their intent total elimination of those preconceptions. In
most cases, however, the outcome desired was a transformation of the conception into a
more scientifically accepted conception. The major difference, therefore, was not that
dissonance was to be avoided but that preconceptions were seen as an important part of the
process, not one that could be easily or quickly eliminated.
Using Analogy as a Tool for Building Conceptions
Stavy (1991) and other researchers have focused on the use of analogy to build on
preconceptions the student already held (Brown & Clement, 1989; Clement et al., 1993;
Glynn et al., 1991; Gorsky & Finegold, 1994; Mason, 1994). Analogy is generally
defined as forming a representation for a less familiar concept by means of a more familiar
idea or concept. Mason (1994) further describes the process of analogy as detecting the
similarities between two systems and then transferring relevant information to a target (the
less familiar concept). Conceptual change researchers have used analogy to introduce a
new idea or provide a bridge between a source conception and a new idea (Brown &
Clement, 1989; Glynn et al., 1991; Gorsky & Finegold, 1994; Mason, 1994; Stavy,
1991). Source conceptions are viewed not as misconceptions but rather naive conceptions,
which can be built upon with the use of scaffolding and bridging, leading to a refinement of
the source conception or construction of a new conception. Dupin and Johsua (1989)
further define this refinement to distinguish it from mere accumulation of new information.
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They state, “...it does not consist of accumulating new notions upon previous ones, but of
a real unceasing reconstruction of the range of knowledge (Dupin & Johsua, 1989,
p. 222).” These authors point out that analogies can be used to achieve conceptual change.
Multiple Strategies for Conceptual Change
The use of one analogy or one discrepant event for conceptual change may not be
adequate, but custom or multiple strategies might be required for conceptual change to
occur, particularly in complex topics. Spiro et al. (1991) caution that the use of single
analogies for conceptual change of complex concepts may actually lead to further
misconceptions. Dupin and Johsua (1989) found that the use of single analogies for
teaching about electricity was inadequate and that simultaneous introduction of analogies
might prove more fruitful. In addition, they also included the use of discrepant events.
They caution that further research in this area is indicated. Glynn et al. (1991) used
multiple analogies to teach about human vision, likening the eye initially to a camera. They
then suggested secondary analogies such as a ping pong ball for the eyeball and the lens of
the eye to the lens of a camera, thus building on structure and then function through the use
of multiple analogies. Driver and Asoko (1995) introduced multiple analogies for the flow
of electricity, using a water circuit, a carrier model, and a string circuit, in which students
were actively involved in simulating the analogy. Steinberg and Clement (1997) used
multiple discrepant events and analogies to introduce the function of capacitors in electric
circuits.
.

I propose in this study that it is possible that more than one event or one particular

learning opportunity may be necessary in some instances for conceptual change to occur.
Historically, conceptual change strategies have typically employed only one strategy, such
as one discrepant event or a suggested teacher model, to produce dissonance within the
student and another event such as an analogy to produce construction of a new model. In
fact, it is common that only one or the other of these events are used, (i.e. only a
dissonance producing event or a constructing event, not both within the same teaching
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strategy). This has been called the “Single effect” model (Figure 1) (Clement & ReaRamirez, 1997). This theory breaks model construction into stages namely:
1. Exploration of materials or in discussion to draw out preconceptions.
2. “Negative” sources: discrepant events or critical student and perhaps teacher
opinions produce dissonance with the students’ initial conception Ml.
3. “Positive” sources: analogies, student ideas, or model elements suggested by the
teacher are used to help build up a new conception M2.

Teacher Suggests
Model Elements
or Modifications
Teacher Suggests
v
\

£

t \ Peer Criticism
S

/
*
M?
/.

Observations:
Discrepant Events
Recalled Experiences
Exploration of Materials

Students Invent
Model Elements
or Modifications

Figure 1. “Single Effect” model of conceptual change strategies (Clement & Rea-Ramirez,
1997).
In contrast, the “Dual effect” model hypothesizes that influences on conceptual
change can be sources of both construction and dissonance (Figure 2) (Clement &
Rea-Ramirez, 1997). In this model, building on the model evolution described above by
Steinberg and Clement (1997), each type of strategy may potentially provide both a source
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of dissonance with the prior model, Ml, and a source of material or constraints for the
construction of M2. For example, discrepant events, observations, and familiar facts can
be used both as a source of dissonance and as a support for construction. By a
consolidated model the authors mean a repertoire of possible processes that can be accessed
for conceptual change teaching.

Developing Conceptual Understanding Through Model Building
Traditional Textbook Lessons
Traditional instruction in the life sciences appears to be problematic when it comes
to learning about complex biological systems. Methodologies are essentially descriptive in
nature, often providing facts without reasons or need for the system. This in turn has led
to a continued lack of understanding in such areas as human respiration. In other instances,
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the use of a traditional teaching approach has been implicated in the failure of students to
understand metabolism because such teaching has mainly involved extensive memorization
of metabolic pathways and chemical structures (Anderson & Grayson, 1994). Resnick
(1989) asserts that the assumption that content driven instruction will automatically lead to
the development of skills is suspect.
Traditional textbook teaching begins with the notion that students come to a
situation with little or no knowledge and that the teacher transmits new knowledge to the
student This has been referred to as a transitionist mode of teaching (Figure 3). The
teacher provides a series of predetermined lessons that may be both lecture and hands-on
and expects that learning will take place. While the teacher may be aware of
preconceptions, some misconceptions, the learning mode does not take these into
consideration.
An important example of the failure of traditional teaching is the poorly understood
concept of cell. The cell is most often taught in isolation of other body systems and
functions. Dreyfus and Jungwirth (1988) question whether it is realistic to expect students
at even the tenth grade level to grasp the abstract concept of a cell at all. They specifically
found that students lacked knowledge of the cell as a basic unit of the living body.
Students also did not understand the need for energy in the cell. When we combine
the abstract nature of the cell with the apparent lack of understanding of the explanatory
need for the cell, an instructional situation is created in which students are encouraged to
rely on rote memorization rather than conceptual understanding. In addition, the lack of
integration between the cell and body systems further isolates and compartmentalizes
learning.
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TRADITIONAL TEXTBOOK TEACHING
Series of activities, readings, and teacher lecture to move student from one point to the other.
no knowledge-—-* knowledge
Elements of learning most often do not consider preconceptions and are disconnected from
one another, building pieces of knowledge rather than constructed understanding.

Figure 3. Representation of traditional textbook teaching that represents a transitionist
model of transfer of knowledge.

Does this imply that because of the abstract nature of the cell we should simply
dismiss it as too difficult for students to understand? As researchers have pointed out,
understanding cellular respiration is essential to understanding other complex biological
systems. Instead of omitting or watering down the topic of the role of the cell in
respiration, it may be more productive to investigate new instructional strategies for
teaching complex systems that integrate cellular structure and function.
In this research I suggest that by creating an explanatory need for the cell and its
functions, I also raise questions that will eventually lead to explanations for why we have
respiratory, circulatory and digestive systems. By beginning with what the student does
know about the cell but then asking what enables the cell to do its job, I help students begin
to construct a model that places the cell in a cycle of cause and effect relationships within a
complex system. Such open ended model building follows a chain of explanatory need
since each time a model is added to or restructured, another piece is needed and the student
is motivated to seek new understanding. This in turn leaves room for active involvement in
imagery and invention on the part of the student. The strategy becomes part of a model
cycling that allows the student to continuously construct, criticize, and refine the mental
model. The cycle of criticism and construction is prompted by the use of multiple strategies
such as analogy, discrepant events, computer simulations, and hands-on activities.
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Model Cycling Vs Learning Cycles
Model cycles differ from traditional textbook lessons, shown in Figure 3, in the
amount of reliance on preconceptions students bring with them to a learning situation and in
the method by which learning is considered to take place (Figure 4). Model cycling also
differs from learning cycles (Lawson, 1988; Stice, 1987; Westbrook & Rogers, 1991;
Whisnant 1983; White, 1995; Zollman, 1990) in that multiple strategies are employed in
repeated cycles necessary to accomplish learning about one concept Learning cycles
appear to be primarily teacher generated and driven with generally three steps, most leading
to another question. Where learning cycles stress three major steps, exploration, concept
introduction, and application, the suggested model cycling includes six: 1) introduction of a
source of dissonance, 2) dissatisfaction, 3) construction, 4) criticism and defense, 5)
application, and 6) reevaluation and questioning. The importance is not necessarily the
number of steps, however, but the nature of these steps as described in the following
paragraphs.
Learning cycles have been described in the literature from two different angles. The
first describes the major phases as steps in the planning of a lesson. What appears to be
suggested by many learning cycles is that you provide an introductory activity to get the
students interested and then have them experiment, apply new knowledge and question
again. Unfortunately, when lessons or units are published using this strategy, they are
often very rigid, making it seem that if you go through steps one, two, three, then
somehow you are done with teaching and the students should have learned. An example of
this is a discussion of a learning cycle model used in a large enrollment physics class
(Zollman, 1990). In this study, Zollman describes the use of a learning cycle based on
Karplus’s stages of exploration, concept introduction, and application. Unfortunately, the
author does not indicate a cyclical nature including criticism of the final model and revision
or asking another question. The next step appears to come from introduction of a new
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topic of exploration for a new concept which is teacher selected, omitting critical features of
a cycle, that being criticism and revision and the application phase.
Another example of learning cycles includes three major phases that are intended to
“...lead students to discover for themselves a concept or principle of science (Whisnant
1983).” These phases include exploration activities in which students engage in
experiments, an invention phase and an application phase. No mention is made of
determining how or why students are inventing. Stice (1987) provides a slightly different
twist on learning cycles, partially in extending the number of steps. This model is based on
Kolb’s concept of learning cycles to improve student learning. This model includes a
variety of entities to describe the learning process along with the actual experiences. These
include the concrete experience (feeling), which emphasizes personal involvement, the
reflective observation (watching) in which the student is to examine ideas from different
points of view, abstract conceptualization (thinking) in which learning occurs using logic
and ideas rather than feelings to understand problems and situations, and active
experimentation (doing) at which time students actively experiment with influencing
situations. It is the author’s belief that this affords the students a practical approach to
learning new information and encourages concern for what really works. The major
difference in this model is the introduction of the cognitive process that may be occurring.
While still viewed from a teacher perspective, Kolb’s learning cycles model leads into the
second point of view, that being the cognitive impact of the cycles on the student. For a
learning cycle to be effective, Westbrook and Rogers (1991) believe that it must positively
impact student understanding of the reasoning processes inherent in science. Additionally,
it should enhance intellectual development and provide opportunities to generate and test
hypotheses about phenomena related to the main concept of the investigation. The authors
suggest that changes in the type of laboratory activities students experience within the
learning cycle may influence the development of logical thinking and enhance the use of
process skills. This belief is based on types of learning cycles identified and described by
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Lawson et al. (1989), each characterized by the particular level of reasoning required of the
student.
descriptive - allows students to describe patterns within a particular context;
empirical-inductive - students describe patterns and also generate possible causes
for those patterns.
hypothetico-deductive - student is forced to implement higher order reasoning skills
such as controlling variables, correlational reasoning, and hypotheticodeductive reasoning.
The results of Westbrook and Rogers’ study indicated that enhanced use of logical
schema and science process skills may be achieved when students were given the
opportunity to design experiments or to generate and test hypotheses. They stressed,
however, that “...use of lab exercises alone may not be sufficient to bring about the
theoretical goals of experientially based curriculum,” and that it is “...naive to assume that
students who are provided direct experience with materials to compensate for the inability
to learn from abstract presentation of the data would be able to extract the rudiments of
scientific reasoning and the related processes from lab investigations where explicit scripts
are followed (Westbrook & Rogers, 1993).” They warn that using a learning cycle of
exploration, invention, and expansion may provide students with opportunities to describe
observations but do not allow them the opportunity to exercise higher order reasoning skills
or engage in scientific thought.
Lawson (1988) states that the correct use of learning cycles provides students the
opportunity to reveal prior conceptions in order to debate and test those conceptions. He
believes that this results in “...improved student conceptual knowledge and increased
awareness of and ability to use the reasoning patterns involved in the generation and testing
of that conceptual knowledge.” Lawson describes three types of learning cycles,
descriptive, empirical-inductive, and hypothetical-deductive that represent points along a
continuum from descriptive to experimental science. Descriptive learning cycles are not felt
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to place great demands on the student’s initiative, knowledge, or reasoning ability and may
be primarily designed to have students observe, discover a pattern of regularity, name it
and look for the pattern elsewhere. This level of cycling Lawson says provides little or no
disequilibrium, and allows some student argumentation but seldom possible cause-effect
relationships to debate. At the other end of the continuum, hypothetical-deductive learning
cycles require explanation of some phenomenon and opens up the possibility of alternative
conceptions being generated that could lead to disequilibrium and subsequent attempts to
resolve the conflict Hypothetical-deductive learning cycles place a much heavier burden
on the student to use higher order reasoning.
Instead of thinking of this learning process as a single cycle, Cohen et al. (1984),
have used the word ‘Learning Spiral’ to denote that while one lesson goes through a
sequence of exploration, expression, labeling, application, expression and back to
exploration, “Most often... the spiral must be used more than once to accomplish the
objectives for a more complex concept/process and lesson...one phase leading to the next
and one spiral leading to the next.” This model begins to move away from the idea that a
cycle can be started and finished with a series of activities. Where others have described
the steps and still others the desired cognitive outcome, we now have another level of
understanding that includes repeated cycles or spirals. In Cohen et al.’s model there is a
recognition also that the teacher may initiate a situation where the student is in more than
one phase of the cycle at a time (i.e. “application sessions frequently also serve as
exploration experiences for new concepts and processes”).
'While all of the proponents of learning cycles appear to desire greater student
reasoning and increased ability to use process skills, they still rely on simply stated steps,
with a variety of names, created and executed by the teacher in an orderly fashion to
promote this learning in the student. Textbooks and unit lesson books abound with lessons
based on the learning cycle concept Unfortunately, many miss the critical cyclical nature
of the learning cycle, merely bending the linear, cookbook type laboratory studies into a
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circle and giving it a new label consistent with current vernacular. Cohen et al. have
introduced a new spiral on the simple cycle, suggesting that it takes much more than one
cycle to develop understanding.
It is with this in mind that I suggest an added construction, a broader concept of the
learning cycle. This is what I refer to as ‘Model Cycling’. Like Cohen’s learning spiral,
the modeling cycle is based on a repeating cycle concept. This is, however, a larger
cognitive construction cycle in which repeated cycles of dissonance, construction,
criticism, revision, and application aid the student through the process of conceptual
change. It is the main concern of this model to promote cognitive change to occur within
the student While still teacher initiated, it is much more under the control of the student,
concerned more with what is occurring within the student. Movement within the cycle is
from Ml to M2 to M3 (Ml indicates the preconception the student brings to the teaching
situation, M2 indicates the achievement of the first concept represented in changed model,
M3 represents a subsequent model, and so on.), and so on, but the model building process
repeats within the cycle, returning to step one as often as is necessary for the student to
move closer to the target conception.
A typical cycle of model building may occur in the following fashion: (1) a
discrepant event, observation, teacher model or discussion is introduced that (2) triggers
dissatisfaction with a prior model. Then, (3) through the use of other models, discussion,
or analogy the student begins to build another model, M2; (4) once M2 is developed, it is
criticized and defended. (5) The model is applied to a new situation, and (6) the model is
reevaluated in light of new information and understanding. In simple or shallow
misconceptions, M2 may become the final model consistent with the scientific model. In
more complex conceptions, however, this may only be a beginning step in a cycle which
will repeat itself many times until the final model is reached. Following step (6), other
discrepant events, observations, and analogies may be introduced to instigate another
model cycle, with each cycle assisting the student in developing more and more
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sophisticated models. This becomes a rich cycle of concept development, criticism, and
revision along with application to new situations. A key element of this model cycling is
that the student is not left with mere dissatisfaction with a prior model but in repeated cycles
is simultaneously helped to criticize and construct new mental models. The major factor in
this model is the constant reliance on the student’s reactions, need for support, questioning,
and reasoning that is going on within the steps of the cycle.
The introduction of dissonance also plays a critical role in the modeling cycle.
Where others recommend introducing a lesson with exploration, the modeling cycle relies
heavily on sources of dissonance to initiate mental model construction within the student.
Where others describe process skills and knowledge attainment, this model suggests that
what might be most important is appreciation for the way students are developing
understanding. Mostly, however, it suggests that it is the student who controls the learning
and the teacher who helps facilitate that process, providing scaffolding and encouragement.
It is the actual mental model construction that occurs within the mind of the student that is
critical, not the lesson plan, or the curriculum guide, or covering the material. Students
may actually vary in their reactions to dissonance and to cycle sequences. This suggests
that numerous cycles may also be occurring within the larger modeling cycle that represent
the cognitive construction process within the student. These repeated cycles might be
thought of as a coiled spring laid out along the circle produced by one turn of the model
cycle with each coil of the spring representing a small step in the model construction
(Figure 5). What is unclear at this time is the exact nature of what occurs during each coil.
Why Encourage Model Building?
Constructive learning of science has been defined as a dynamic process of building,
reorganizing, and elaborating knowledge of the natural world. The fundamental building
blocks of this knowledge are conceptual models. Learning and reasoning involve
constructing and manipulating mental models (de Kleer & Brown, 1981; Johnson-Laird,
1983). It has been noted in studies of experts and novices, however, that experts do not
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just know more facts than novices but have developed related conceptual models of their
knowledge. In fact, the act of constructing these conceptual relations appeared to enhance
the expert’s performance (Glynn & Duit, 1991). When students have opportunities to use
and design models it may actually lead them to reflect on other important issues in science
education including the purpose of inquiry, the nature of communicating, explaining, and
understanding, and the interplay between reality and the student’s ideas about a phenomena
(Grosslight et al., 1991).
According to Tweney (1987), all science involves an attempt to construct a testable
mental model of some aspect of reality and involved in most kinds of problem solving tasks
and in most kinds of inferential reasoning. “The self creates a new and different world - a
cognitive construction- and the representations created become models and theories in
science; as images are pictures of reality, the act of imagining is the manipulation of mental
pictures as opposed to the manipulation of concrete objects (Wartopsky, 1976, pg. ).”
Unfortunately, many students have difficulty understanding concepts in science. It
may be that some of this difficulty is due to students’ inability to develop mental models
which requires integration of causal and dynamic knowledge with static knowledge (Gobert
& Clement, 1994). While expert’s knowledge is relational, held in complex conceptual
models, making it easily stored, quickly retrieved, and successfully applied, students’
knowledge is often rote, therefore easily forgotten and not readily transferable to similar
situations (Glynn & Duit, 19 pg. 15). While models are often used as instructional tools in
science, little is known about how students conceptualize these models. Additionally,
traditional education fails to make student aware of their own capacity for mental imagery
and does not provide much opportunity to develop this inner resource (Greeson &
Zigarmi, 1985). Even those teachers who realize that students need to actively construct
conceptual models rather than memorizing lists of unrelated facts often are not sure how to
facilitate constructive learning (Glynn & Duit, 1991). In addition, science texts often do
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not encourage the developing and modifying of mental models but rather the assimilation of
facts (Tweney, 1987).
It has long been a common learning strategy for students in biology to memorize
long lists of words, categories, and definitions. Unfortunately, definitions have been
shown to tend to freeze a mental model which may be appropriate when the goal is simple
assimilation or rote memorization without change in the mental model. When the goal is
the evolution of a mental model, the simple memorization of definitions may serve only to
rigidify the process and thereby stifle further change (Tweney, 1987). According to
Tweney, “Do we want to freeze so much conceptual material in the minds of our students?
What happens to the capacity to modify one’s mental models if we do? If we aren’t
showing them how science works, can we really expect them to become scientifically
literate in the sense needed for today’s world?” (Tweney, 1987).
Factors Affecting Model Development
Lack of exposure and practice may not fully account for the difficulty many
students have in developing functional mental models. Several other factors may affect
model development Model construction is facilitated when it capitalizes on prior
knowledge. New information should be connected to learner’s current understandings
through examples, analogies, and multiple visual representations (Clement et al., 1989).
Unfortunately, difficulty with spatial image manipulation skills and competition with prior
conceptions may interfere with the use of analogies (Brown & Clement, 1989). The prior
knowledge a student brings with them to a new situation also appears to have an effect on
students’ capability to deal with visual complexity that is to be integrated into mental
models (Dwyer, 1978). When students believe they have knowledge, they may actually
use less effective strategies because of interference of previous conceptions. This presents a
quandary for researcher and teachers alike.
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NEW SOURCES OF DISSONANCE INTRODUCED

Figure 4. Model cycling occurring in a spiral fashion. Over all, cycles are under the
control of the teacher but affected by student’s mental model construction cycles.

Figure 5. Coiled spring representation of student construction.
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Spatial ability has been suggested to have an effect on students’ ability to construct
mental models. Low spatial learners must devote more cognitive resources to the
construction of visual representational connections than high spatial learners and would,
therefore, have less cognitive resource available for the construction of referential
connections. Even when given coordinated instruction, which allows for verbally based
and visually based representations to be in working memory at the same time, low spatial
learners may be unable to allocate the cognitive effort needed to build referential
connections between the two representations. In contrast high spatial learners should
benefit from synchronized instruction. This is because a high spatial learner may be able to
keep an image active in working memory in the absence of visual stimuli and to construct
referential connections between this image and the verbally-based representation (Mayer &
Sims, 1993).
The debate over gender differences in regard to spatial ability is a long and
controversial one. In an extensive review of research on this topic, McArthur and Wellner
(1996) stress that results of these studies actually show that not only is there no significant
difference between males and females, but more importantly, neither gender performed
very well. “With the majority of (spatial) tasks showing no significant gender differences,
our interpretation of the results stresses the high degree of similarity between male and
female performance. Individual performance on any of the tasks will be highly variable
and it is critical that individual ability rather than group differences guide the development
and implementation of curriculum” (McArthur & Wellner, 1996, pg. 1076). Therefore,
instruction should be designed to provide individual students opportunities to act upon
three-dimensional objects for substantial periods in order to build spatial structures in both
genders. Use of manipulatives have been suggested as a means of promoting spatial
development (McArthur & Wellner, 1996).
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Strategies That Encourage Model Development
Several strategies have been suggested for encouraging the development of mental
models of complex ideas (Glynn and Duit, 1991; Gobert & Clement, 1994). Short
interviews, discussions, demonstrations of familiar phenomena, and discrepant events may
activate existing mental models. Subsequent construction can then be supported by asking
students to find relations, map concepts, and draw analogies. In addition, using think
aloud strategies, asking the student to explain both right and wrong answers may be useful.
Encouraging students to represent a problem in a variety of ways including drawings and
words, rather than the teacher only using line drawings, photographs, slides and movie that
generate the material for the learner. More of an effort must be made to induce the learner
to generate pictorial representations through internal visual imagery (Silverstein & Tamir,
1993).
Asking ‘what if questions before a lesson can activate students’ existing
knowledge, help students relate this knowledge to experiences, and intrinsically motivate
students. When ‘what if questions are used during and after a lesson they can encourage
students to evaluate, revise, generalize, and apply their knowledge (Glynn & Duit, 1991,
pg. 26). Use of hands on materials may help students to transform conceptual models into
physical ones. Grosslight et al. (1991) have identified some experiences that the teacher
can provide that may play an important part in teaching students to become more aware of
the nature and construction of mental models. These include providing students with
opportunities to use models to solve problems, to use models as a tool of inquiry, not
simply “a package of facts about the world that need to be memorized” (Grosslight et al.,
1991), to experience using multiple models of the same phenomena, as well as multiple
models for sustaining an investigation across several related problems.
Scaffolding enables students to achieve goals or accomplish processes that would
not be possible without its support and that are normally out of their reach (Vygotsky,
1978; Wood et al., 1975; Jackson et al., 1995). Vygotsky’s zone of proximal development
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suggests that scaffolding enables learners to engage in out of reach activities by having a
knowledgeable other or more capable peer to bring the learner along (Vygotsky, 1978).
Therefore, students may be able to develop more complex, cognitively challenging models
when scaffolding support is supplied by the teacher.
Analogies are another suggested way to promote model development They are said
to help in the activation of prior knowledge, which then aids the student by giving meaning
to new information (Brown & Clement, 1989; Glynn, 1991; Mayer, 1983, 1989; Royer &
Cable, 1975, 1976; Simons, 1984; Stepich & Newby, 1988). It is suggested, however,
that an analogy should be from a familiar domain of the student in order to be effective
(Radford, 1989). It has also been suggested that problem-solving tasks are actually
facilitated by analogies which share many matching attributes with the target concept
(Radford, 1989).
It has been suggested that to increase the students’ capacity for developing new
mental images teachers must provide opportunities for students to develop the skills of
drawing and imagining recombination of different images (Greeson & Zigarmi, 1985). In
addition to providing a static picture of a mental image, students should be encouraged to
depict causal and dynamic aspects of the model. This will aid in integration and
understanding of new information. Drawings are said to be a more natural medium for
developing a representation which embodies causal and dynamic information (Gobert &
Clement, 1994). The construction of external representations (drawings/models) of
scientific phenomena may help learners to build and refine their internal, mental models of
the phenomena (Papert, 1980; Jackson, Stratford, Krajcik, & Soloway, 1995).
Computer animations may increase conceptual understanding by prompting the
formation of dynamic mental models (Williamson & Abraham, 1995). This, in turn, may
promote deeper encoding of information than occurs with static pictures. In fact, the
authors suggest that students who view only static pictures such as transparencies or chalk
diagrams may form static mental models that fail to provide adequate understanding of a
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phenomena. Computer generated animation offers a potentially powerful medium for
presenting visually based information to learners (Rieber, 1991) that is also dynamic.
In multimedia learning, students use information presented in two or more formats,
such as visually presented animation and verbally presented narration, to construct
knowledge (Mayer & Sims, 1993). The authors suggest that students will be better able to
build referential connections when verbal and visual information are presented contiguously
synchronized in time or space than when presented separately. Additionally, the authors
believe that coordinated presentation of verbal and visual explanations will lead to better
problem solving transfer and better performance on transfer. When experienced students
are presented with uncoordinated animation and narration, these students appear to have the
ability to compensate for uncoordinated presentation by creating their own source system in
working memory as they listen to the verbal information. Uncoordinated presentation
resulted in low problem solving performance in low experience learners. On the other
hand, Mayer and Gallini (1990) found that coordination of words and pictures improved
problem-solving transfer for low but not for high experience learners.
Croft and Burton (1995) suggest that there are two generally accepted cognitive
theories describing the processing of visual information such as that used in computer
animations, the cue summation theory (Dwyer, 1978) and the dual coding theory (Paivio,
1971,1986). The cue summation theory predicts that as the number of cues in the learning
situation increases, there is an increase in the probability learning will be facilitated (Croft
& Burton, 1995). In addition, learners with more previous experience would be able to
deal with greater visual complexity because of prior knowledge of many of the attributes
while less experienced learners may require simpler illustration. The dual coding theory,
on the other hand, holds to the notion that concrete sensory stimuli which can be verbalized
will be verbalized. In other words, in isolation, only concrete words which can be imaged
will be, whereas visuals are automatically decoded and stored in both visual and verbal

33

memory. This has long been held as the most popular explanation for visuals being more
effective in learning than words.
Hands-on activities have been strongly suggested to enhance learning as far back as
the sixteenth century by Comenius. In America, the concept of hands-on teaching was
developed from Pestalozzian theory (Parker, 1991; in Haury & Rillero, 1992). Lumpe
and Oliver (1991) define hands-on as “any activity that allows the student to handle,
manipulate or observe a scientific process.” These include inquiry in which students make
their own discoveries, and guided instruction in which the teacher gives instructions to
guide the student through an activity. Research on hands-on learning has shown increases
in achievement in science content (Mattheis & Nakayama, 1988; Brooks, 1988; Saunders
& Shepardson, 1984; Bredderman, 1982), improved student attitudes toward science
(Rowland, 1990; Kyle, Gonnstetter, Gadsden, &Shymansky, 1988; Kyle, Bonnstetter,
McCloskey, & Fults, 1985; Jaus, 1977), and increased ability in applying process skills
(Mattheis & Nakayama, 1988; Haury & Rillero, 1992).
Today, many in science education use the term hands-on to be synonymous with
inquiry learning. This presents somewhat of a problem, however, as simple manipulation
of materials does not necessarily mean that students are constructing understanding. To
broaden the concept of hands-on to include students’ constructed understanding, some
have coined the term “hands-on, minds-on” (Cohenet al., 1989; Gibson, 1997). The social
influence on learning is inherent in this concept. It is believed that learners construct
understanding through collaboration with others making learning and knowing inherently
social and situated (Brown et al., 1989; Lave & Weenger, 1991; Newman et al., 1989;
Saxe, 1991). Dewey (1938) also believed that when students shared the learning
experience with others it caused them to reflect on their own and others’ way of knowing
(metacognition). This in turn could result in restructuring of prior knowledge or conceptual
change.
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In summary, use of multiple analogies, animations, hands-on activities, and visuals
along with verbal descriptions have been suggested as all supporting mental model
development. There is some concern that using a variety of strategies may lead to dual
conceptual models held by the student as their mental model undergoes evolution. Other
researchers contend, however, that “in science instruction several conceptual models of the
same phenomenon can be valid particularly when the developmental level of the students
requires simple representations thus allowing students to learn from a progression of
conceptual models” (Glynn & Duit, 1991). The usefulness of multiple strategies to
promote optimal mental modeling appears to outweigh these concerns.
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CHAPTER 3
RESEARCH METHODOLOGY
Assumption
Conceptual change has been described in a variety of ways. For purposes of this
research, the most useful path suggests that conceptual change refers only to situations
where a significant new structure is created - a change that is structural or relational in
character. This might happen by modifying a prior conception used to understand the
target domain, or it might happen by constructing an independent, new conception. In
addition, in response to strategies proposed, an existing mental model involved in a
conceptual change (alternative conceptions in particular) might either be eliminated,
transformed to a different model, or left untouched. It is with this understanding of
conceptual change theory that the current study has developed strategies for investigating
students’ understanding of respiration.
Design of Study
This study was composed of two major parts, one concerned with documenting and
analyzing how students learn, and one concerned with measuring the effect of teaching. I
deal with each of these separately although in reality the research on these questions
occurred concurrently. Overall, however, there is the issue of what questions were raised
by the observations themselves about both how students learn and what effect the treatment
has.
How Students Learn
It was the purpose of this study to investigate the learning process students go
through in constructing mental models and the resulting understanding about human
respiration. Through subsequent analysis, I planned to develop more general theories of
model development applicable to other topic areas. The specific research questions that
deal with this portion of the research were qualitative in nature and include the following:
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1. What preconceptions do students have about human respiration that are seen to
emerge during the tutoring interviews?
2. What patterns of learning are produced by analogies, discrepant events,
animations, and hands-on investigations used in tutoring interviews?
3. At the end of each major stage of instruction, what is the form of the student’s
mental model?
4. What specific criticism of teaching strategies and recommendations for revision
of the instructional sequence can be made?
To answer these questions it was necessary to accumulate sufficient data that could
be video taped, transcribed, coded, and analyzed to develop a rich picture of the steps
students took in building their mental models. It has been suggested that the most effective
means of collecting this type of data is through tutoring interviews in which students are
encouraged to describe, draw, and verbalize mental models as they proceed through a
standardized cycle of learning (Zietsman & Clement, 1994). Clinical tutoring interviews
provide a unique and comparatively direct source of information about learning and mental
models students develop. During the tutoring interview, the interviewer is attempting to
elicit from the student solutions to a problem. At the same time the tutor uses probes to
guide the students toward possible solution strategies they might not otherwise have
considered (Konold & Well, 1981). Like in-depth interviewing, the current tutoring
interview strategy included the reflective process on the part of the students. During the
pre-test and post-test parts of the interview the tutor refrained from purposefully giving
evaluative responses or providing hints through statements, question, or gestures. These
components were used extensively, however, in the clinical tutoring phase in order to
encourage mental model construction by the students.
The collection and analysis of such tutoring interview data has been successfully
used at the University of Massachusetts, leading to impressive track record of curriculum
units. These units, developed and implemented in high schools, have shown significant
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gains over control groups (Brown, 1987; Camp et al., 1994; Clement, 1993; Zietsman &
Clement, 1994). In the context of this study, the information gathered concerning students’
conceptual understanding, alternative conceptions, mental models, and learning was carried
out through qualitative tutoring interviews. Specifically, clinical tutoring was conducted to
help the student construct an understanding of respiration.
To provide evidence for research question one, the interviewer was particularly
sensitive to preconceptions that were expressed within the discussion, drawings,
descriptions, reactions, and questions of each student. The researcher then probed for
further clarification of the preconception using open-ended questions. This was
concurrently documented on video tape and audio tape that could be transcribed,
categorized, and coded during the analysis phase. The number, occurrence, and effects of
preconceptions as well as patterns of preconceptions within the participants could then be
documented. This was particularly significant as prior research indicated that certain
preconceptions may provide critical roadblocks to understanding respiration. These
preconceptions have been referred to as potentially impeding alternative conceptions and
their identification appears essential in order to provide effective teaching strategies to
promote conceptual change.
Evidence of the student’s reaction to strategies used by the interviewer, question
two, consisted of verbal and non-verbal responses of the student such as surprise
expressions, questions, ah-ha’s, gestures, new drawings, and explanations of mental
models that showed conceptual change. These responses were then analyzed for patterns
across students.
At the end of each major stage of instruction, as indicated by the divisions in
Appendix F, the students were asked to make a drawing that expressed their mental
models of respiration thus far. The drawings were reviewed, coded according to concepts
included, integration, and alternative conceptions to develop a picture of the learning that
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had taken place as evidenced by conceptual change in the student’s expressed mental
model.
The final qualitative question, question four, concerning criticism and revision of
teaching strategies was answered through a combination of documented students’ reactions
to various strategies and the subsequent mental models that students produced that indicated
learning. In other words, if students react negatively to dissonance sources, become more
confused, develop more alternative conceptions, or choose to ‘shut down’ in response to a
particular strategy, this became evidence that the strategy was not having the expected effect
and might ultimately be removed from the sequence. When a strategy was effective in
helping the students construct new, more scientific mental models as evidenced by verbal
explanations and drawings, this strategy was considered positive.
Konold and Well (1981) describe three general levels of protocol analysis. All
three of these levels were employed in the analysis of the protocols from tutoring
interviews in this study. Level one is coded analysis, which involves identifying key
elements in the protocol and defining them so that the absence or presence of these elements
(key words, phrases, etc.) might be noted by the coders. Coded analysis was used in this
study to analyze the protocols from the pre-test and post-test (see Appendix D). This
methodology has been suggested because it is “well established, and the resultant
quantitative data can, if desired, be further subjected to standard, statistical tests“ (Konold
& Well, 1981). The coded data in this study was reduced to numerical scores that could
then be interpreted statistically.
Descriptive analysis and interpretative analysis , the second and third levels
suggested by Konold and Well were used throughout the protocol analysis of the actual
tutoring interviews. Descriptive analysis was used to provide a clear restatement of what
the students said and n the other hand, interpretative analysis was employed in instances
where inferences about the deep structures of the students’ reasoning and mental model
construction were made. While the descriptive analysis provided unique glimpses of the
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student mental model construction process, the interpretative analysis allowed the
generation of possible hypotheses that can be subjected to further study at a later time. This
process also involved the alternating between in-depth analysis of individual student
protocols (especially Student I, n, and IV) and the general analysis of characteristics found
in all participants. This alternating strategy has been suggested to keep the level of analysis
consistent while allowing the researcher to generalize his understanding beyond the
individual; but, at the same time not allowing the information to become too global to be of
any value to instruction (Konold & Wells, 1981).
This type of analysis is considered qualitative methodology and, as such, can
provide foundations for developing hypotheses about phenomena. Historically, scientific
research promoted the idea that the researcher should begin with a hypothesis and then set
about trying to generate evidence supporting that hypothesis. By contrast, more qualitative
research has been described as discovery and development of a theory through systematic
data collection and analysis pertaining to a specific phenomenon. Therefore, the hypothesis
is inductively and abductively derived from the study instead of acting deductively as the
impetus for the study. Data collection, analysis, and hypothesis building then proceed
together and are intimately intertwined. This is not to imply, however, that one goes
randomly wandering through interviews and data collection. Rather, qualitative researchers
use “a systematic set of procedures to develop an inductively derived grounded theory
about a phenomenon”, and as such, this is also considered a scientific method (Strauss &
Corbin, 1991).
Viability
A major goal of generative studies is to “develop models of student processing that
are useful to those in the field, that have support in the data, that fit or interact productively
with a larger framework, and that give a sense of understanding by providing satisfying
explanations in the form of hidden processes underlying the phenomena in an area”
(Clement, 1996). This has been labeled ‘viability’. One method that supports the viability
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of a model is triangulation. Observations were drawn from the tutoring interviews, of
video taped recordings of each session, of transcripts from audio tapes, and of pictures and
models constructed by individuals during tutoring sessions. An analysis of the patterns
and categories of these observations were then made. If a hypothesis can be used to
explain multiple observations a researcher can triangulate from observations to the theory
thereby giving greater support for the theory. This is further strengthened by the directness
and quality of each supporting observation. This methodology was used throughout the
analysis process in this study. Further consistency of the study was provided by having all
of the tutoring interviews conducted by the same researcher. The tutoring sequence for the
tutoring interviews was developed out of multiple strategies used during the piloting phase
and remained consistent across interviews (see Appendix G).
Qualitative data collection and analysis provided formative information about the
effectiveness of teaching strategies while quantitative data will be used to measure change
in response to instructional strategies.
How Much Did Students Learn?
The second focus of this study was to answer the question, “What are the effects of
instructional strategies in terms of the quantity of learning produced in the students?” In
order to answer this question I compared scores on the pre-and post-tests. Quantitative
research aims at determining the degree of change in response to a treatment. Use of
quantitative methods is also advantageous when the research goal is to describe the
prevalence of a phenomenon (Yin, 1994). In the case of this research, the quantitative data
collection is carried out by pre- and post-test questions that were coded for specific
information. This provided information on the effectiveness of the strategies employed
during the tutoring interviews. See Appendix D for details on how the tests were coded.
Participants
The current research consisted of the third group of students designated as Group C
(see Figure 6). Subjects in Group C, the Standardized Tutoring Cycle consisted of
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secondary students (8th grade) in rural and small towns in New England. Results of the
pilot study (Exploratory Tutoring) indicated that by this age conceptual change strategies
have an effect in promoting learning. It has also been noted that it is during this period of
development that students begin to question prior notions about how their body works and
whether information that they have previously accepted on authority is really accurate. This
appears to indicate, then, that this may be an opportune time to attempt conceptual change
strategies aimed at optimal learning.
Students were selected randomly from a pool of volunteers who have completed the
Human Respiration Survey. In order to control for prior instruction, all students were
selected from non-biology classes (i.e. students who have not previously, or are not now
taking biology at a high school level). There were eight students in the Standardized
Tutoring Cycle. Research has indicated that this number has the advantage of making
possible a detailed qualitative analysis of learning and reasoning processes, as well as
quantitative comparisons. If learning effects are large, “it can provide summative data
indicating significant gains on pre-test and post-test, and formative evaluation cycles of
instructional interventions can be carried out throughout the process” (Zietsman & Clement,
1993). Small sample size makes the results preliminary, although they may be statistically
significant if the gain differences are large. In addition, quantitative findings may
generalize to the larger population.
Details of Research Design
The research approach employed combines the use of qualitative clinical
interviewing data and quantitative summative data, a methodology that has been suggested
by other learning studies (Brown, 1987; Zietsman & Clement, 1994). The tutoring
interviews used to obtain qualitative data on student learning, as well as quantitative
measures of the effects of teaching strategies, were carried out within the context of a larger
project that uses a methodological structure developed and tested by Zietsman and Clement
(1994) called the Structured, Formative Research and Evaluation Cycles model (SFREC).
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While this research deals only with the last major phase of the SFREC, the significant
contributions of the first two phases, diagnostic analysis and exploratory tutoring,
necessitate that they be included in the discussion and description of the methodology.
Subsequent Standardized Tutoring Cycles that include and employ the findings from this
study will be conducted at a later time with control groups, other populations, small
cooperative groups, and whole classroom configurations. This would then complete the
SFREC model, which would actually encompass several studies over a prolonged period
of research, criticism, and review.
Introduction to the Structured, Formative Research
and Evaluation Model
The Structured, Formative Research and Evaluation Cycles model has been
recommended for studies that investigate students’ learning and the effects of instructional
strategies designed to facilitate conceptual change. It was especially pertinent to this study
as it allowed for ongoing critique and analysis of students’ learning while developing
strategies and techniques based on conceptual change theory that best addressed the
conceptions of these students. SFREC consists of four major phases: (a) diagnostic
analysis, (b) exploratory tutoring, (c) standardized tutoring, and (d) quantitative
comparisons (see Figure 6). These four phases are further broken down into nine steps
that will be addressed. It is important to again stress, however, that while this study only
deals with parts c and d indicated above, all four phases are discussed to present a more
complete picture of how this research fits into a broader project
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Steps of the Structured, Formative Research and Evaluation Cycle
Diagnostic Analysis
Preliminary research involving Group A students is indicated in Figure 6 (ReaRamirez & Clement, 1997). Group A was divided into three subgroups. Group A1
consisted of an initial eight students who were given the open-ended question survey
(Human Respiratory Survey), then interviewed to test the survey instrument, twenty-five
sixth graders who were given the open-ended version of the survey and then informally
interviewed, and twenty-five sixth graders who were given a multiple choice version of the
survey to compare responses for later data gathering. The major focus of this group was
the initial development and piloting of the Human Respiratory Survey.
After determination of the survey’s acceptance as an appropriate measuring tool,
large group testing of students in grades 4-11 was conducted to map naive and alternative
conceptions as well as anchoring conceptions in the area of human respiration. This 358
students were designated as Group A2. Finally, two students from group A2 were
interviewed in-depth to aid in understanding the models generated by students in the
survey.
The Human Respiration Survey used was designed for a preliminary investigation
of students’ preconceptions about respiration (Rea-Ramirez & Clement, 1997). The survey
is described in this research as it will be used for initial screening and random selection of
students for the tutoring interviews. It consists of five open-ended, free response
questions and a drawing (see Appendix A). The instrument was reviewed by the author
and two biology instructors, one at the high school level and one at the university level, to
obtain feedback on the survey questions and to determine whether the questions would
provide the kind of information intended. Slight modifications in wording were made in
the instrument at that time. Use of an open-ended, ffee-response survey is supported by
Songer and Mintzes (1994) in which they state that the large number of conceptual
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difficulties involved in this area of research supports the need for an instrument that would
provide for the richness of written responses. By comparison, “...standard psychometric
items such as multiple choice questions would elicit a set of truncated and convergent
answers” (Songer & Mintzes, 1994).
The Human Respiration Survey was initially given to eight students who were then
interviewed in depth. After further criticism and revision based on discussions with
experts in the field, the open-ended question survey was piloted with 25 students from one
class who were interviewed immediately following the survey. Results similar to those
obtained in the in-depth interviews of the eight students led to acceptance of the survey as
an instrument to determine preconceptions of students in the target population. In an
attempt to determine whether the open-ended question survey most closely met the needs
and intents of this research, a second survey that consisted of multiple choice questions
was developed and piloted with 25 additional students. This version did not appear to
provide nearly as much information as the open-ended version and was therefore dismissed
as a tool at this time. Finally, the survey was given to approximately 350 students to
determine their preconceptions about respiration. The survey provided evidence of
students’ conceptual understanding and any alternative and naive conceptions about
respiration. It will be used to aid in the process of selecting students needing instruction in
the later phases of this research. In addition, the survey established students’ current
knowledge avout respiration and provided evidence of the need to develop ways to help
students understand human respiration.
The results of this survey and the two in-depth interviews supplied important
information about the alternative and naive conceptions about human respiration held by
students (Rea-Ramirez & Clement* 1997). Major Findings include the following:
1. Alternative conceptions uncovered were (a) hollow, balloon shaped lungs, (b)
energy production within the lungs through the combustion of oxygen,
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(c) power generated in the lungs which is sent to the heart to make it pump, and
(d) lack of pulmonary circulation.
2. Construction of the relationships between alternative conceptions and target
conceptions provided a map of important new information, a framework within
which to both place and analyze students’ conceptions.
3. A learning pathway was identified within the Framework for Understanding of
Respiration.
4. Some alternative conceptions appeared to impede the student’s learning along
the shaded path to cellular respiration as indicated in Figure 7.
A major outcome of this study was the development of the ‘Framework for Levels
of Understanding Respiration’ (see Figure 7) that simultaneously provides information
from the survey data, a representation of developmental stages of learning, and a
comparison among large numbers of students (Rea-Ramirez & Clement, 1997). While this
graphic framework appears complex, it is the result of much work in a field that is itself
complex. It has evolved out of the discussion with experts, previously constructed models
on individual students, and collaborative discussions with experts in the field of alternative
conceptions. The framework is described here as it will provide a point of departure in
determining level of understanding for the participants in the tutoring interviews and to
compare their conceptual models to those of the larger group studied through survey only.
It is expected that this will provide more information about application of subsequent
models and strategies to a wider student population.
The ‘Framework’ consists of first determining whether a statement made by a
student indicates knowledge (whether scientifically correct or not) of a function, a
mechanism, or a structure. These categories are then further coded by level of
understanding from naive to novice to expert. From this coding students could be assigned
a level of conceptual understanding.
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To aid in understanding the framework, I have broken it down into levels. These
levels appear to represent a progression in complexity of mental models from Naive to
Novice to Beginning Expert They do not represent right or wrong answers just
developmental levels. That is, a student may have a naive preconception that oxygen is
necessary for all life forms. This is not incorrect by scientific standards, just naive, or
immature in its complexity. This is supported by the work of Smith et al. (1993) who
emphasize that students think and reason in complex systems of understanding rather than
isolated alternative conceptions or pieces of knowledge.
Level I represents the most Naive in which students recognize only that respiration
is necessary for life. It appears to be primarily based on an external sensation of breathing
that students connect to survival.
Level II (Novice) one might think of this knowledge arrangement as a series of
three black boxes (Figure 8). Students appear to recognize that oxygen enters the lungs
and moves in some way into the blood and then into the body. What occurs within the
‘box’ and what structures are involved, does not seem apparent to the student.
Level III students begin to express more depth of knowledge about both structure
and mechanism, realizing oxygen is necessary for specific parts of the body. Level HI
shows a basic understanding of two systems of circulation involved in respiration,
pulmonary and systemic. Level ni also includes organs and tissues of the body as the
target of oxygen transport.
Level IV students express a beginning understanding of respiration at a cellular
level that is generally much more complex. The students display an understanding of the
basic structures of respiration down to the cellular level, understand the
pulmonary/circulatory connection, and can explain at least at a beginning level energy
production within all body cells.
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Figure 7. Framework of levels of understanding in human respiration.

Figure 8. Black box representation of respiration.

While the Levels indicate a move from Naive (I) to Target (TV) understanding, the
A, B, and C sections, separated by vertical lines on Figure 7, represent understanding
about a system, relationship between systems, and connections between respiration at an
organismic and cellular level. Target is used here to indicate a conception that may not be a
complete expert model but is considered detailed enough for the particular developmental
level of the students. Section A is the pulmonary section, Section B the circulatory section,
and Section C the organs, and more specifically, all the cells of the body where cellular
respiration occurs (see Appendix B for more details of Levels).
I have placed students’ mental models from the Human Respiration Survey
generally within the Framework (Rea-Ramirez & Clement, 1997). When looking more
closely at the patterns that emerged from this placement a possible learning pathway
appeared to be developing. Learning pathways represent routes that students move along
as they develop understanding in a particular area or domain (Scott, 1991). While learning
pathways are generally considered peculiar to each individual learner, similarities may also
be found among students just as naive conceptions and alternative conceptions are prevalent
in groups of students. This appears to be the finding in my prior research (Rea-Ramirez &
Clement, 1997). The shaded area across ILA, IIB, IIIC and IVC represents one such
learning pathway (Figure 7). This is supported by evidence that a significant number of
students (more in the 10th-11th grade) described conceptual models that represented naive or
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novice understanding at Level IIA and B but were able to develop more depth of
understanding at Level IV C (Rea-Ramirez & Clement, 1997).
It is hypothesized that minimal understanding may progress along the shaded
pathway in Figure 7. Information gained suggests possibilities for teaching strategies that
will be used in the Standardized Tutoring Cycle I. The Framework will also be used to
analyze students’ initial surveys and pretest interviews to help develop the appropriate
strategies for subsequent tutoring interviews.
Exploratory Tutoring
Because of the findings in the previous study (Diagnostic Analysis), I decided to
use the model cycling strategy to conduct exploratory tutoring interviews. The prior
development of the Framework for Levels of Understanding Respiration and the identified
learning pathway provided the target conceptions. With these in mind, open-ended,
exploratory tutoring sessions were conducted during the pilot phase of this study in order
to develop teaching strategies and sequence. Instruction was designed to meet each
students’ individual needs, prior experience, and learning style. During this period it was
possible for the investigator to use creative adaptations based on need and student
responses. The tutor was also able to interact freely with the student in a semi-structured
way that allowed for in-depth inquiry into the student’s understanding and construction of
models. In addition, specific strategies were attempted to find optimal sources of
dissonance that might lead to conceptual change. It was also possible to begin identifying
concepts that presented new information that caused discoordination as opposed to
dissonance.
The participants in the pilot were designated as Group B. Group B consisted of two
students from the tenth grade who had not taken biology and two seventh grade students.
It was expected that information gained from the two grade levels would provide insights
into developmental ability to construct models and understand abstract concepts. This
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information was then used to determine the most effective grade level to include in the
standardized tutoring cycles.
All four students were given similar tutoring interviews consisting of four major
aspects: (a) introduction to models, (b) cells, (c) movement of oxygen and glucose to cells
(circulation and digestion), and (d) obtaining and supplying oxygen for circulation to cells,
pulmonary respiration. Learning situations were designed to allow students in one-on-one
situations to experience hands-on activities, discrepant events, analogies, and oral and
written interactions with the tutor. Examples of strategies used include the following:
1. analogies: likening the mitochondria to a power plant, the byproducts of ATP
production (carbon dioxide and water) to the byproducts of making a cake, and
a grape cluster to the alveoli of the lung, diffusion to the effect of a drop of food
coloring in a glass of water, cell membrane structure likened to oil on top of a
glass of water.
2. discrepant events: lung volume measurement using student’s estimates and then
actual measurement, student comparison of his/her own models of lung
structure to actual lung tissue.
3. Hands-On experiences: microscopic observation of cells, inflation of actual
lungs, measurement of lung volume, inspection of freeze dried lung section.
4. Computer animations: action of ATP production in mitochondria, digestion,
circulation, gas exchange at cellular level and in alveoli, diffusion.
Findings include the following:
1. Results suggest that hypothetical problem situations can be used to initiate an
investigation in human respiration.
2. Overgeneralization of new knowledge often resulted in development of
alternative conceptions.
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3. Students who are better able to integrate models may be more successful in
using their knowledge for problem solving of hypothetical situations than
students who have difficulty integrating models.
4. Gains in understanding human respiration at a cellular level, as well as basic
understanding of pulmonary and circulatory interaction, were indicated by the
pre-test and post-test in all students.
5. Specific insights into which analogies, discrepant events, animations, and
hands-on experiences were particularly useful and which might cause further
confusion were obtained through analysis of the data.
6. Seventh graders required more time to be spent on certain abstract concepts
such as diffusion in order to develop an understanding necessary to move
through the tutoring sequence.
7. All of the students had difficulty representing models of understanding.
Aside from gains indicated by the pre- and post-test, other interesting information
was gained through analysis of models students developed. All of the students had
difficulty representing models of understanding. After observing this difficulty early in the
pre-test interviews with the two tenth graders, I decided to include instruction on what
models were and how they are used to represent knowledge and understanding. Even after
instruction, all students, when asked to draw a model, used very concrete representations
of objects such as a model of a car, a building, a dress design, and a frog. Through
encouragement they were minimally able to show action through their model. This action,
however, did not include causal relationships. In addition, no one was able to initiate any
models scientists use to represent a concept. Since model construction and representation
is vitally important to understanding how another person is constructing mental models and
developing understanding about a concept, it is important to the researchers to spend time
helping them learn about models.
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Lesson Design
Based on the exploratory tutoring data, a lesson sequence was designed. This
included the most effective strategies from the pilot consisting of analogies, discrepant
events, hand-on activities, computer simulations, observations, discussions, and teacher
introduced models that were found most useful across all students piloted. It was then
possible to determine realistic target conceptions for students that were consistent with
identified learning pathways. That is, a tutoring sequence (Appendix F) was developed
that includes strategies that proved most effective across students in the pilot
The tutoring sequence was based on the model cycling concept described earlier. It
was believed that by providing rich cycles of modeling based on specific strategies
instituted and guided by the tutor, the student would experience greater learning. It was this
structure that was used in the Standardized Tutoring Interviews to promote mental model
development Repeated modeling cycles were planned to help the students to move from
their initial model of respiration to a new more scientific, target model (M6). These cycles
are presented linearly in Figure 9 to allow for clearer presentation. Rather than suggesting
that a student can move from Ml to M6 in one cycle, what model cycling strives to say is
that this whole cycle of inquiry is ongoing and that sometimes there are little cycles the
participants are going through and sometimes these are big cycles they are going through,
but that the actual structure of a cycle is very dependent on what is happening in the
individual student. To understand just one concept may take many cycles to move from
Ml to M2 and many, many more to move from Ml to M6. The zigzag lines indicate
possible sources of dissonance while the straight arrows from the different strategies
indicate construction. In this model, graphic lines denote both dissonance and construction
and are used since it is possible that one or both could be potentially stimulated as a result
of the strategies. The actual reaction to strategies, such as analogies, discrepent events,
computer animations, and hands-on activities, is individual for each participant.
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For optimal model cycling to be evidenced in the current study, it was determined
prior to the interviews that students would show understanding of five major concepts: (a)
the body is made of cells in a contiguous nature, (b) all cells have certain properties and
functions in common, one being that all cells produce ATP for energy used by the cell, (c)
the closed circulatory system supplies the transport mechanism for oxygen and glucose to
all cells of the body, (d) glucose is supplied to all cells through the break down of food by
the digestive system and diffusion into the circulatory system, and (e) oxygen is supplied to
cells of the body through the lungs via the alveoli that allow oxygen to diffuse into the
circulatory system for transport to the cells (Figure 9). To promote student mental model
development, a variety of standardized strategies were used during each concept
development step. These strategies included: analogies, hands-on investigations, and
computer animations. The tutor’s probing questions were used to promote dissonance
which, it was hypothesized, would lead to dissatisfaction and construction, beginning the
modeling cycle.
It should be stressed that while the planned Standardized Tutoring Cycle was
basically consistent across students, this does not preclude different reactions to the
student’s specific difficulties. That is, if in response to a strategy, the student appears,
through gesture, posture, or verbal response, to develop too much dissonance, then the
researcher had to make an on the spot decision whether to introduce another source of
dissonance, to temporary terminate the strategy, or to try to further elaborate on the
strategy. Often the use of drawings and verbal descriptions of mental models during the
interview process provided continuous feedback on the student’s reactions to strategies, as
well as evidence of learning. This on-going evaluation of the progress of each tutoring
interview aided the researcher in determining the student’s learning and the need for added
strategies for later standardized tutoring cycles.
Throughout the tutoring sessions, students were asked to talk aloud, describing
what they were thinking, imagining, and questioning. Open-ended questioning strategies
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were used to encourage students to give more explanation and depth so as to provide a
clearer picture of the student’s mental model.
Standardized Tutoring Cycle
During this phase, the problem-based situations pre-test was individually given to
each of eight students who make up Group C and were different from any prior participants
(Appendix E). Students selected for tutoring interviews in phases C and D completed the
survey prior to being given a pretest that consisted of two extended problem situations. By
using problem situations, I endeavored to identify students’ mental models and
understanding of respiration using everyday occurrences in which students were required
to go beyond pat answers or simply facts. Students had to reason and use scientific
knowledge to build an explanation of the situation. Students were encouraged to use ‘think
aloud’ techniques to aid in understanding their conceptual models and understanding. In
addition, students were asked to make drawings to both further explain and to help in later
analysis of the data. The two problems were based on situations that were expected to be
common to students at this age, one involving a student hiking and one involving a
swimmer (see Appendix E). These same two problem situations were given as a post-test
at the end of the tutoring sessions. These sessions were video and audio taped.
Then, a fixed instructional sequence, with prescribed branching, consisting of
hands-on activities, analogies, discrepant events, model building, and computer generated
simulations was used with each of eight students. This was the lesson sequence described
above under Lesson design. It was expected that branching might be necessary since some
students come to the tutoring situation with more understanding than others in areas such as
diffusion. Students occasionally introduce questions of their own that prove pertinent to
their learning (Zietsman & Clement, 1994).
A minimum of four individual tutoring sessions were then conducted with each
student. These were video and audio taped for later analysis. Audio tapes allow for
discussions to be transcribed for later analysis and coding. Video tapes allow the
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researcher to revisit the tutoring situation to analyze gestures, make new observations,
reanalyze reactions to various sources of dissonance and construction, and critique the
researcher’s questioning techniques. During these tutoring interviews it was my main
concern to obtain detailed information and evidence of not only what the student does and
does not understand but more importantly how he/she goes about constructing mental
models in this area. In addition, what particular strategies employed aided in this model
construction and in the integration of levels of knowledge? The details of participants’
discussion and drawings were effectively collected and analyzed using the tapes. At the end
of the fourth interview, a post-test was given consisting of the same pre-test questions.
Summative Evaluation
Learning was assessed through analysis of the pre- post-test performance,
including occurrence of alternative conceptions and target conceptions that were evident in
the transcripts and tapes of each tutoring interview. Observations were made of the
occurrence of specific content knowledge evident in the problem-based situation questions
used in the pre- and post-test. The information coded was determined by prior research and
experts in the field of biology (see Appendix C). It was represented as target conceptions
within the learning pathway (shown as the shaded area in Figure 7). That is, to obtain a
three, the student had to show knowledge and understanding of the basic structure, the
function, and the integration between systems showing cause and effect as expressed
through discussion of the problem situations. This indicated that the student had a
conceptual understanding of not only isolated factual information but how the system
worked in real world situations. A score of two indicated beginning understanding without
the depth shown by those scoring a three. A score of one indicated little understanding that
corresponds with the naive notions of respiration and a score of zero on any one part
indicated no understanding.
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There were three concepts within each of the two problem situations along with several
single word concepts that were given a score of .2 each, making a total possible score of
20. It was possible to obtain a total score for each problem for each individual student that
could then be compared with scores of other students.
The summative analysis was used to test the null hypothesis that the treatment
group C showed no gain. The pre- and post-test gains were compared for mean
differences. It is important to note that the quantitative analysis is not an attempt to
characterize a broader population but to show whether some learning occurred within this
sample. More importantly, is the dissecting of the learning process to determine what
occurred as a result of the instructionsl strategies.
Qualitative Analysis
Detailed qualitative analysis of the interviews, including all documents, was carried
out to provide the following two forms of information:
(a) A formative evaluation including specific criticisms of, and
recommendations for, changes in the lessons.
(b) Key episodes from all of the protocols were classified and
analyzed qualitatively in order to develop general models of learning
and teaching strategies, as well as barriers to understanding.
The qualitative analysis included observations made from the video tapes and
transcripts. Interview analysis allows the researcher to search for themes, categorize and
code responses, and interpret meanings of responses (Kvale, 1996). The observations
analyzed in this way describe certain behavior patterns exhibited by the participants and
provided information forjudging how typical a behavior is over the whole of the sample.
The interviews were transcribed shortly after each meeting and video tapes were reviewed
within the same time frame to allow the researcher to become familiar with the information
that participants provide during the interview (Yin, 1994). This provided a set of case
studies to generate grounded hypotheses about learning processes that have support in

59

qualitative transcript data. Multiple observations ultimately suggested the hypotheses about
learning. They also suggested that certain strategies were more effective than others in
producing optimal dissonance.

Summary
The problem of persistent alternative and naive conceptions exists in regards to
human respiration. Lack of understanding, even after instruction, suggests a need for
further investigation of both alternative conceptions and construction of understanding in
human respiration. At the same time, strategies that promote greater mental model
development in this area should be studied. Information gained and a framework
developed from earlier studies by this researcher suggested a learning pathway that in turn
provided insights into possible strategies for dealing with these alternative and naive
conceptions. A standardized tutoring cycle was developed to address these conceptions
and promote learning about human respiration.
Use of the Structured, Formative Research and Evaluation Cycles model was
chosen to allow for ongoing critique and analysis of students’ models of learning while
developing strategies and techniques based on conceptual change theory that best addressed
the conceptions of the participants. It was expected that these new models of learning will
be useful in developing strategies for teaching about respiration that can be used in whole
class instruction. Comparison of pre- and post-test results provided information about the
effectiveness of the strategies employed. In addition new theoretical models may be
applicable to other studies where constructed understanding about complex systems is
investigated.
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CHAPTER 4
INTRODUCTION TO TEACHING METHODOLOGY
Introduction
In this section I will provide the reader with a closer look at the teaching
methodology that was used in the tutoring interviews. Whereas general guidelines were
presented in Chapter III under the Standardized Tutoring Interview Cycle model, a more indepth look at the role of the tutor and students will provide the framework for
understanding the actual results to be presented in Chapter V. This includes an explanation
of (a) the methodology of model cycling, (b) mental model construction cycles, (c)
construction supported by explanatory need, and (d) deep and shallow questioning.
Ongoing formative evaluation provided insights into the methodology and suggested
changes for future tutoring cycles.
Model Cycling
In order for students to show understanding of human respiration at the target level,
five major concepts were identified. Strategies were grouped together in cycles to indicate
which strategies were believed necessary to bring about a constructed understanding of
each of the five concepts. Figure 10 provides a graphic illustration of the strategies for the
first two concepts. As you can see, to complete Concept One (Ml), the tutor believed that
the microscope activity and ear of com analogy were necessary. To complete Concept Two
(M2) it would take many more strategies including analogies, hands-on activities, and
computer animations. Therefore, the teacher model cycling is much more of a plan of
action. It was not known at the outset what the exact effect would be on the students.
Planned model cycling was believed to be primary in the students’ constructed
understanding. Model cycling, as described by this research, and similar to learning
cycles, is teacher driven. The teacher, or as in this study, the tutor, determined beforehand
what strategies would be employed to move the students through an investigation. It was
hoped that at the end of the experience all students would have a better understanding of the

61

concepts to be learned. As predetermined by model cycling, constant attention was paid to
the cognitive process of the student. Simply providing a series of activities based on the
learning cycle model, no matter how hands-on and inquiry based, did not guarantee
learning nor did it provide evidence of student model construction. Only by knowing what
is happening within the mind of each student can we begin to truly interact with the
cognitive process of the student. This study strives to investigate how the teacher might
use students’ drawings and verbal interchange as a means of uncovering the ongoing
cognitive process within each student. While this study is conducted through one-on-one
tutoring interviews, implications for using the strategies with larger groups will be made.
A series of standardized hands-on activities, analogies, discrepant events, and
computer animations was employed by the tutor for the purpose of moving the students
from their initial preconceptual model of respiration to a new more scientifically complete
model of respiration. Students were initially asked to draw a picture showing all they knew
about respiration at both organismic and cellular levels with all interacting systems and
organs. These initial drawings were most often primitive from an expert’s view, as
represented by Student VI showing small lungs and a heart but no more (Figure 11).
It cannot be determined that the student will move in the direction desired by the
teacher without careful attention to the reaction of the student to intervention strategies and
to the process of mental model construction by the student. For this reason, in the current
research, uncovering and mapping the individual student’s mental modeling became vital to
provide this evidence. Evidence of students’ construction was mapped by the collection of
other drawings at strategic points within the tutoring cycle. At the end of the cell interview,
students were asked to complete a diagram showing the make-up of body tissues, make-up
of one cell and the process of energy supply for the cell (Figure 12). Drawings were also
collected from the participants at the beginning and end of the sections of circulation,
digestion, and respiration. Student Vffl’s final complete drawing at the end of the entire
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tutoring cycle is shown in Figure 13. Note the complex nature of this drawing compared to
the drawing student did at the beginning (Figure 11).
In summary, teacher model cycling is described in this study as a plan of action on
the part of the teacher to promote construction of more scientific mental models by the
students. In order to support the construction of five concepts determined important in
understanding respiration, the teacher model cycles included a combination of strategies
including analogies, hands-on activities, and computer animations provided in a
standardized lesson sequence. It was believed that this sequence would lead to dissonance,
construction, criticism, revision, and questioning on the part of the student. It was the
tutor’s role to provide prompts, questions, and sources of dissonance to support this
construction cycle in the student Drawings and protocol were collected from each student
throughout the interviews to document this cycle.

Figure 11. Student Vi’s initial naive drawing representative of all students’ initial
conceptualization of respiration, showing small lungs and a heart but no more.
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Figure 12. Four students’ completed diagrams showing make-up of body tissues, make¬
up of one cell and process of energy supply for cell completed at end of the cell tutoring
interviews.

65

Mental Model Construction:
Introduction to Vocabulary and Theoretical Frame
The cognitive process occurring within the individual students may play an even
more important role in any curriculum that is ultimately developed to affect conceptual
change. In contrast with planned model cycling that is teacher driven, mental model
construction, a series of spiraling cycles, is student driven. Mental model construction is
an internal process employed by the student to construct an internal conceptual model. It is
driven by sources of dissonance that may be teacher or student generated and occurs in
multiple small cycles that may return repeatedly to prior models in order to compare and
rethink the model (Figure 13). This is evidenced by the graphic representation of Student
II’s construction of the first two cell concepts (Figure 14).

SOURCES OF DISSONANCE

Figure 13. Repeated cycles of mental model construction in response to new sources of
dissonance introduced either by the teacher or student.
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Where these two concepts are represented in the planned teacher model cycling by two
cycles (Figure 10), in reality, it took multiple construction cycles within the student to
actually initiate change in a mental model (Figure 14). The teacher supports the process by
introduction of new dissonance sources and by encouraging continuous application,
criticism, and revision by the student. While each model cycle initiated by the tutor was
standardized, each cycle in mental model construction was individual and varied from
student to student (see Appendix H).
As Figure 13 indicates, participants had three main reactions to the tutor’s sources
of dissonance (analogies, discrepant events, probing questions, drawings, hands-on
activities, computer animations). These reactions varied from rejection, to discoordination
(curiosity), to dissonance (dissatisfaction). When rejection was the response, the tutor
intervened to introduce other sources of dissonance that might induce the student to either
question their prior model or begin to be curious about other possibilities. An example of
rejection was Student I’s persistent preconception of lungs shaped like tubes. Even after
exposure to a discrepant event that appeared to show that it was impossible for the amount
of air the student measured in his lungs to fit in the tubes he had drawn and described, he
continued to insist that it could work and was not wilting to entertain another explanation
based simply on this evidence. It would take other strategies to produce enough
encouragement and dissatisfaction with that model for him to begin to construct a new
model, is is shown below.
T

Is that tube you drew going to hold all this air (indicates breath volume
measurement tube student has filled with exhaled air).

S

Possibly

T

How would that fit?

S

It’s thick

T

Thick?

S

I don’t know. Maybe the tube is this big (points to picture) but it expands.

T

Let’s look at the volume bag and that tube you drew.

S

Air is not as dense as solid so maybe it could be compressed somehow.
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At this point the student begins to show signs of increased dissonance as evidenced
by facial expressions and silent staring at his drawing, punctuated by expressions of,
“Ummm.” When the reaction was discoordination or dissonance, strategies such as
analogies and teacher suggested models were used to encourage construction of a new
model. Many times it was the student’s own questions and curiosity that stimulated new
construction. The student was then encouraged by drawing and probing questions to
criticize their model and make revisions if desired. While probing questions were
necessarily geared to each student while students’, reactions to sources of dissonance
appeared to follow patterns.
The tutor’s role in the mental model development cycles was continuous monitoring
to determine when, where, and how much dissonance was needed to obtain optimal
reaction in the student. It should be stressed, however, that while some of the sources of
dissonance originated with the teacher, dissonance itself was internal, within the individual
student. The reactions to sources of dissonance were the students’ reactions; they could
not be controlled by the tutor. I suggest that dissonance may play a major role in the
mental model construction cycles. I also suggest that one must constantly evaluate is what
is happening with that dissonance: what are the students building, how is it working? This
can only be discovered from what the student says and does.
Another teaching method used to aid mental model construction was ‘think aloud’.
This includes asking students to explain both right and wrong answers and to reason
through their explanations and drawings. This was expressed by the tutor in such
statements as the one that was made in response to Student I’s comment that oxygen
entered tubes that ran directly into arteries.
T

Can you draw that?

S

(draws) They (tubes) would be all over.

T

Let’s try something. Take a deep breath and hold it for a second. What
happened?
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S

Lungs get bigger.

T

Why do they do that if the air is going directly into the artery?

S

(confused look) Well, carbon dioxide back out....diaphragm moves...

T

When you took a deep breath and held it, where was the air?

S

Trapped in your lungs, I guess.

T

Where? Show me on your drawing.

S

Like right here - in the tubes.

T

I wonder how much air you can trap in those tubes?

S

(no answer - thoughtful)

T

Let’s try an experiment.

At this time, the tutor introduced a hands-on activity that acts as a discrepant event to try to
help the student criticize his model and hopefully construct a new mental model. The
student was asked to predict how much air his lungs held and then this was measured with
a breath volume measurement device. When it became evident that his lungs held more
than expected, he began to rethink his original model.
T

Think about the tubes you drew and look at the amount of air in the bag.
How does it hold all this air?

S

There must be a lot of tubes. They are all over the lung. All of the lung
gets filled up with air.

Of course, it took considerably more discussion, drawing, and probing to help Student I
construct his final model of the lung the more closely resembled a scientific model. The
discrepant event, however, supplied the dissonance needed to induce the student to need
another model.
It was important for the tutor to recognize optimum times when a source of
dissonance should be introduced. It appears that the right time and the right amount may be
critical to producing the desired effect. Student VI struggled when asked to draw her
concept of how oxygen got into the blood stream from the air. She stated, “You breathe in
oxygen and it goes to the heart, no, it goes to the heart and lungs.” Unfortunately, when
the tutor asked her to draw that she said, “..can’t draw this—maybe it goes to veins and
veins take it to the heart From the heart it is pumped out in the blood through the blood
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stream.” Since this model did not actually include the lungs as a necessary part, although
they are drawn, the tutor stated, “I wonder why we need lungs then.” This stimulated
more dissonance in the student as indicated by her facial expression and stammering of
“Ummmm-when inhale, sucks in air and oxygen.ummm” and inability to suggest
another way but beginning to be dissatisfied with the old model. It is then important for the
tutor to provide the support for construction rather than leaving the student in a state of
dissatisfaction with nowhere to go. In this instance, the tutor provided this support
through probing questions.
T

How does that suck in air? Maybe if I had a clear picture of what the lung
looked like.

S

Air is in the throat. Veins go through the lungs.

T

Why would they need to go through the lungs.

S

Goes into the lungs then into veins then to the heart.

T

Why might this way be better than the first way you showed me?

S

Then not just oxygen would go to the heart because you breathe in other
things too.

T

Why else?

S

Lungs clean the air.

The student is then encouraged to begin to construct what this new model might look like
and how it allows for the oxygen to be absorbed. She maintained for some time that there
must be another way for carbon dioxide to be sent out of the body indicating that she did
not fully understand that there was gas exchange occurring in the lungs.
Explanatory Need
In addition to dissatisfaction as a result of dissonance sources, students may also
become curious for new explanations or new information that would increase their
conceptual models. When students have a limited view of a cell with little or no function
ascribed, they may not see a need to make further connections between the cell and body
systems, to suggest possible causal relationships, or to question inconsistencies in thenmental models of a cell. In prior research, however, understanding of both pulmonary and
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cellular respiration was achieved by several students (Rea-Ramirez and Clement, 1997).
Data from these students and others indicated that a possible learning pathway might exist
that consisted of a deep understanding at a cellular level and only minimal, although
integrated, understanding of the pulmonary and circulatory systems role in respiration.
Thus, if an explanatory need was present, students might construct a dynamic, integrated
model of respiration.
An explanatory need expresses the desire to find out more - to obtain information to
provide a more complete picture. That is, if it can be established by the student that the
cells make-up the whole body and are functional units that require oxygen and glucose to
produce ATP, which in turn supplies the cells with energy for normal functioning, then a
curiosity might begin to develop, suggesting that there must be some system or process to
supply that oxygen and glucose to the cell. Many of the students in this study mentioned
that plant cells could make their own sugar but animal cells could not and suggested that it
would then need to be ingested. This established a need to explain how the sugar that was
ingested was transported to the cell.
Protocols from Student V express this explanatory need.
S

...can’t make more ATP unless I replenish the supply of oxygen and
glucose.

T

I wonder how you can do that?

S

Sugar comes from food. Oxygen comes in your nose and mouth. Then
something like a ‘sarcopagus’, something like that, takes air to the lungs.
Food travels -1 don’t know through what - but to your stomach, I mean
through the intestines to the liver to the stomach to get ‘acidized’.

T

hmmm. I wonder how it gets to the cells?

S

Once the nutrients are extracted, it is filtered into the blood stream.
(Starts to draw in a heart and blood vessels to drawing)
trouble -1 can’t draw this. (But continues to make vessels branching off
each other into all parts of the body).

T.

What happens to the blood when it gets out to your finger?

S

No idea what it does when it gets there.
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At this point the student has established a need for renewing the amount of oxygen and
glucose and suggests a way to do this. He has not yet constructed a complete model of
how the transport occurs but has made a link among the circulatory system, the digestive
system, the pulmonary system, and the cells. In his initial drawing of respiration he did
not include these features but only drew isolated, unconnected lungs.
The book activity was used at the end of the cell interview to induce in students a
need for a constant supply of oxygen and glucose. All students concluded that their arm got
tired and it must be connected to not enough nutrients for energy. Students were referred
back to their drawings from the end of the cell interview that showed their understanding of
organismic and cellular integration. Student IV’s drawing in Figure 15 is an example of
this. From this, students were asked to think about what they experienced in the book
activity and what they had included in their drawing. The purpose of this revisiting was to
stimulate students to make a connection between need for energy in the muscles and
production of ATP for energy in the cells. It was believed that if students could make this
connection, they might start to think of systemic level suggestions for how the increased
oxygen and glucose could get to the cells. When asked what they would need to have more
energy, students remarked, “you must need a reserve for more energy” (Student II);
“muscle cells need a lot more ATP so need more oxygen and sugar” (Student ID); and
“muscle cells move so would need more energy so more oxygen and sugar” (Student I).
And, Student IV, stated,
Your muscles get sore and tired. It must be your body’s feedback
mechanism telling you are tired. But does it do that on purpose? I
mean keep the oxygen from entering or just not have enough oxygen?
(Pause, thinking). I think it means you need more oxygen. So you breathe
faster and your heart speeds up.
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Figure 15. Student IY’s drawing of organismic and cellular integration and ATP production
in the mitochondria leading to an explanatory need for oxygen and glucose.
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He has worked through the idea that the body needs more oxygen and even suggests a
mechanism, increased breathing and heart beat, to supply this oxygen. The tutor goes on
to ask how that helps to get more oxygen and glucose to the cell and Student IV states.
The oxygen comes into the lungs, into the alveoli, into the blood stream
where it is absorbed by corpuscles, goes through the blood vessels to the
cells. I’m not sure how it gets out of the blood vessels into the cells. Food
goes to the small intestines where it is broken down by intestines and
absorbed through finger like things into the blood stream. Don’t really
know the process for how sugar gets into the blood stream. Semipermeable
membrane? Maybe glucose can enter directly.
It should be noted that this was the only student who was able to express this much
understanding of the connection between systems and provide as much structural and
functional information. It took more strategies and time to help the other seven students
construct a closed circulatory system and the pulmonary and digestive connections.
The other students all suggested that oxygen must also get transported to the cell,
and, when asked, suggested possible routes. For all but one of these students, this began a
search for some connection to breathing. Student III, however, suggested, “maybe it
(<oxygen) passes through the skin cells.” Prior to this time, most students saw breathing as
important to life but did not connect it to the cell. Ultimately, by helping the student
construct an explanatory need beginning with the cell, the circulatory system was
constructed to transport oxygen and glucose, the digestive system was constructed to
supply the glucose, and the pulmonary system was constructed to supply the oxygen, and
to the circulatory system for transportation to the cell (Figure 16). In building an integrated
organismic to cellular and inter-system model, students may also have developed a greater
appreciation for anatomy and physiology beyond that indicated by the initial learning
pathway. This is apparent in the final drawings students made that showed structural
features such as capillaries, intestinal villi, alveoli, bronchioles, etc. The key to developing
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an explanatory need may lie in the interaction among the sources of dissonance, probing
questions from the tutor, and model criticism by the student

Cells make up body and are functional units

-► Require oxygen and glucose for energy

_^ Establishes need to explain supply and transport of glucose and oxygen_
Circulatory system constructed as transport, the digestive system constructed to supply glucose, and
pulmonary system constructed to supply the oxygen.

Figure 16. Sequence of explanatory need.

Deep and Shallow Questioning
The type of questioning used during the tutoring interviews also has an impact on
student mental model development. “What if’ questions were also used to help students in
constructing new mental models. Use of “what if’ questions asked before a lesson can
activate students’ existing knowledge, relate this knowledge to experiences, and
intrinsically motivate students. When “what if’ questions are asked during and after a
lesson they could encourage students to evaluate, revise, generalize, and apply their
knowledge (Glynn & Duit, 1991). Examples of “what if’ questions used by the tutor were
1. “What would happen if the capillaries were located a distance from the cells?”
2. “What if the cell needed energy, what would it need to get this energy?”
3. “What if I asked you to go run up and down the steps - what would you feel?”
4. “What if I could take a very thin section of the heart tissue - what would you
see?”
In each instance the students were encouraged to think about their prior models and
experiences to suggest explanations, as well as to evaluate these models along with
emerging models. Students were often asked to look back at prior drawings to make
comparisons and suggest new models through the “what if ’’questions. The following
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question was used with all of the participants to encourage model development through
mapping between an analogy and the cell: “Look back at your drawing of the cell as if it
were a school. In that model you said there would be chaos if you only had one big room
where all the classes and gym and band took place. What if you only had a big open space
in the cell where everything took place?”
Knowing when it is not beneficial to continue with a line of questioning and
probing is an important teacher goal. That is, when further investigating would not add
more to what is necessary to understand at that point in time. The student may be asking
important questions or suggesting models that are unscientific but that do not justify
spending more time on trying to induce conceptual change at that moment. These are
excellent areas for the student to investigate later. Student IV provided an example of this.
In discussing how substances were moved in and out of the cell he suggested,
“Carbon dioxide is bigger than oxygen. If you have a funnel bigger on one side
then the other—so two oxygens could get in but carbon dioxide can only go out.
Like pigs going through a gate catch so only can go one way.”
At this point it was decided that to investigate this further would necessitate an
investigation of the molecular make-up of cell membranes, as well as further activities on
diffusion and osmosis that were not within the scope of the lesson; and, while worthwhile
and interesting, would not add appreciably to the understanding necessary for constructing
a mental model of respiration. With students, such as this student who asked many of his
own questions and expressed great wonderment, plans for extensions and future
investigations should be incorporated into the lessons. The tutor indicated to the student
that this was an interesting theory that should be investigated further at a later date and the
student was guided back to the situation at hand.
Deep questioning encourages students to make inferences, think logically, and
extend their thinking about mental models. Questions in this study that promoted
application of mental models to new situations included, “Would any cells need more
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energy in the form of ATP than other cells in the body? Tell me about that” and “What if
you removed one lung, what might happen?” Additionally, it was posed to students that if
you have been jogging or exercising a lot your body might not have enough ATP and try to
get more oxygen for make energy. Therefore, “how would you know your body is trying
to get more oxygen?” In attempting to apply a mental model to a new situation, it was
necessary for students to look critically at their mental model to see where it may be
supported and where it may still need revision.
Some questions required that the student use logical reasoning to build on what they
already knew and to make new connections such as, “How could you figure out what
glucose was primarily made of if you looked at the by-products” or referring back to
student’s analogy of the cell to the federal government, “If it is winter what would the
government buildings need?” (Student states, energy). “Now can you relate this need to
the cell? Where in the government model would you produce energy? And how about in
the cell?” At other times questions encouraged students to use previously constructed
explanatory needs to make predictions. “If all the cells in the body need glucose and
oxygen, how do you suppose it gets to the cells, where does it come from?” and after
students suggest a variety of models of the lungs including just tubes to balloons and they
have constructed that model with sugar cubes, they are asked, “Can you think of any other
way that we could arrange the cubes so there would be more surfaces for air to come out?”
Often students expressed alternative conceptions about some parts of respiration.
At these times deep questioning was used that encouraged students to look more critically at
their model. Examples of these questions include, “If blood is only pumped out to the
body one way and goes into the tissues, where do we get more blood to keep pumping
out?” When students showed tubes sending inhaled air directly to the heart or an artery
without the lungs but recognized that lungs were there, the tutor questioned, “I wonder
why we have lungs then? What might their purpose be?” After having students take a
deep breath of air, the students say the lungs get bigger, which is incompatible with their
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model. “I wonder why they do that if the air just goes directly into the heart (or artery)?”
When another student suggested that air goes from the mouth through the esophagus to the
stomach and diffuses out of the intestines just like the glucose, the question was posed, “I
wonder though, if your stomach was holding all that air, where would the food go?” This
stimulated a criticism and building response in the student which could be scaffolded by the
tutor. This is not to say that the student immediately gave up this model, but that he began
to suggest other alternative models finally coming up with two hypotheses that could be
tested. In other instances, an alternative conception was suggested by the tutor to
encourage the students to think critically about their own models. By having to explain
why something couldn’t occur, they clarified their own model. Often teaching what you
know to someone else is an ideal way to enhance your own learning. Two examples of
such questions were, “Some people think the lungs are like a big balloon. How would you
convince them that a large empty space like in a balloon would not be efficient” and “Some
people say that the oxygen you breathe in just turns into carbon dioxide and is breathed
back out. What would you say to them?”
In trying to investigate students’ understanding or construction of understanding
about diffusion, deep questioning was used to induce students to generate models and then
to predict behavior. “If I have a glass of water and I put a few drops of dye into it, what
will happen?” (various answers about spreading out or just turning a color) “I wonder how
that happens, what it would look like if you could look at the water and dye very close up?”
Finally, deeper understanding and explanation was often encouraged by statements such
as, “Tell me what you mean by_” or, “Tell me more about that” and, “I
wonder what that looks like?” Simple statements such as these told the students the tutor
was listening, interested, and encouraging the student to continue talking.
There were times, however, that for clarification or reiteration necessary to stress a
point, shallow questioning was necessary. This was often the case when students
expressed ideas and the tutor wanted to be sure that she was clear about what the student
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meant. In these instances, shallow questions included, “Where is that on your model or
drawing” and “Wbat in the animation might indicate a new product was made?” At other
times shallow questioning was used as part of a scaffolding strategy. Students were asked
to give small pieces of information back to the tutor who then helped the student to begin
integrating these pieces into a larger picture. “How do animal cells get glucose?” “What is
the heart’s job?” “Is there anything in your model that acts like the nucleus?” “What kind
of fuel might the cell use to produce energy?” These are all examples of shallow
questioning that is intended to help build a larger concept, not to stimulate a deep
explanation in itself. Often these questions triggered a connection within the student that
then stimulated construction, speculation, and prediction.
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CHAPTER 5
RESULTS AND DISCUSSION
Introduction
In this section quantitative and qualitative findings will be discussed. The
quantitative results simply provide evidence of whether some learning occurred. More
effort was expended on the qualitative dissecting of learning processes to determine what
occurred as a result of strategies and to provide evidence of mental model construction.
This methodology provided a set of case studies to generate possible grounded hypotheses
about the learning processes that have support in qualitative transcript data. The qualitative
methodology was, therefore, both exploratory and generative.
Quantitative Results
Comparison of the pre-test and post-test scores resulted in the change in mean
scores shown in the box plot in Figure 17. The range of scores is indicated by the boxes
with the center line indicating the mean. The fifth and ninety-fifth percentiles are indicated
by the lower and upper lines respectively. The scattergram in Figure 18 shows individual
scores and standard deviations around the mean for pretest and posttest. The differences in
the means is substantial compared to the standard deviation around each mean, on the order
of almost two standard deviations in size.
Overall, ranges (excluding outliers, circles in Figure 17) were wider for the
posttest, from 13.7 to 19.1, than for the pretest, 3.4 to 6. This suggests that students were
closely groups together in terms of prior knowledge and understanding of respiration at the
beginning of the intervention. It also strongly suggests that substantial learning occurred
in all students as indicated by the large gains in pretest to posttest scores, although at
differing levels.
Analysis of the post-test, after the students engaged in the Standardized Tutoring
Cycle suggests that individual students learned at differing levels. Despite these individual
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difference, all students achieved an understanding of respiration at least at the target level,
identified as the shaded learning pathway in the Respiration Framework.

Box Plot

Figure 17. Box Plot showing mean pre-test and post-test scores indicating substantial
gains in the post-test after completion of the Standardized Tutoring Cycle.
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Analysis of individual parts of the pre-test and post-test indicated a wider range of
findings. Part 5 was the only section of the test that did not a show substantial change.
This section related to understanding that with a lack of nutrients there will be a drop in
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blood sugar levels reducing the glucose available to cells for cellular respiration (Figure
19). Participants appeared to either make this connection at Level HI or not to make it at
all, with Students I,

n, IE, and VI receiving a score of 3, Student V a 1, and

Students IV and VIE zeros. Students IV and VEI scores actually represent a drop in score
from the pretest This suggests that the students who did not state this relationship in their
post-test did not construct this understanding during the Standardized Tutoring Cycles. It
may be, however, that these students felt that they had sufficiently expressed this idea
integrated into other concepts and did not need to expressly state it here. Another
possibility is that the tutoring instruction did not aid these students in constructing this piece
of their mental model and should be restructured for future cycles.
Student IV discusses the dilemma he has concerning the constant intake of oxygen
versus the occasional intake of food for glucose. He reasons that the body must have a
better capacity to store nutrients than to store oxygen. When asked where this may be
stored, he suggests the blood and small intestines. This suggests that he might make the
connection that if there is not enough food intake, then these stores would not be
replenished and a decrease in blood sugar would result. Another possibility is that he
considers not eating, as the hiker did in the second prompt, would not cause a drop in
blood sugar sufficient enough to cause a problem since he had already reasoned that there
were stores of glucose. In many ways, his reasoning is beyond that of the other students.
He poses questions that are relevant and, at the same time tries to use what understanding
he has to suggest possible causal relationships. The interview protocols provide evidence
of higher level thinking and a level of understanding about respiration above any of the
other students. Unfortunately this is not evidenced in the pre-test and post-test scores with
his overall score being only 13.7 out of a possible 20 thus placing him below four of the
other participants. Figure 20 provides a detailed view of the individual scores on each part
of the pre-test and post-test along with the cumulative scores for all students.
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Figure 19. Breakdown of individual student scores on pre-test and post-test by section.
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In summary, the quantitative results of this study indicate that all students were
able, at least at a minimal level, to transfer understanding of human respiration constructed
during the mental model cycles, to the discussion of two situational problems, the hiker and
the swimmer. The discrepancy between the post-test score of one student and his
explanations during the tutoring interviews may suggest a possible drawback of using a
quantitative measure of achievement Although overall the scores showed substantial gains
in most all areas, one has to question whether it was a truly accurate picture of all the
students knew. Since one of the purposes of this study was to determine the effectiveness
of strategies on students’ construction of mental models of respiration, it is wise to look at
both the quantitative data and the qualitative interview protocols together to obtain a
complete picture. In most cases if the pre-test and post-test scores are compared to the
interview protocol analysis, we have a picture of substantial gains in understanding,
indicating that all students were able to achieve at least the minimal levels of targeted
understanding.
Qualitative Findings
Introduction
The qualitative results will be discussed in two major sections, (1) Generative
analysis including: (a) students’ understanding of the concept of model; (b) preconceptions
students have about human respiration that emerged during the tutoring interviews, (c)
patterns of learning, and (d) form of student’s mental model at the end of each major stage
of instruction; and (2) Formative analysis including: (a) specific criticism of teaching
strategies and recommendations for revision of the instructional sequence, and (b) emergent
strategies that may be opportunities to use in next cycle. Hypotheses that have been
generated in response to observations in the tutoring interviews will be discussed in detail.
Protocol analysis and analysis of drawings allowed for detailed graphic representations of
the students’ model construction as well as providing evidence of where causal reasoning
started and where an explanatory need for a next step began (see Appendix H).
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Generative Analysis
Students’ Understanding of the Concept of Model
Students’ ability to understand and depict a model was not initially considered a
major factor in the current research, even though this difficulty was noted in the pilot study.
It became quickly apparent that this could be a deciding factor in how well students
understood complex biological concepts. Consistent with other research studies, it was
found that students held a very simplistic understanding of what models are, why and
when they are used, and that multiple models may be held for the same concept
Students’ attempts at modeling were analyzed according to three general levels of
thinking about models have been proposed by other researchers (Grosslight et al., 1991;
Carey et al., 1989). The first level expresses a belief by students that models are simple
copies of reality, such as a toy car being a model of the real thing. In the second level of
understanding models, students realize a specific, explicit purpose that affects the way a
model is constructed and do not believe that the model is just a copy of real world objects.
The third level of understanding, the one most often held by experts, includes the belief that
the model is constructed for developing and testing ideas rather than as a copy of reality,
the modeler has an active role in constructing the model, models can be changed as needed,
and multiple models may exist for a concept.
The current study appears to indicate that all but one of the eight students
interviewed held a concept of ‘model’ that was at the first level. These students mainly
drew and described models that were replicas of real world objects such as a drawing of a
car to depict a real car or the outline of the human body to represent a real body, or a
drawing of a person, a clothes model. Their models were static in nature, indicating no
movement or causal relationships. In fact, the majority had difficulty thinking of any
model at all and needed considerable probing and scaffolding to draw and describe even a
simple static model at level one. Since models play such a primary role in the study of
biology, this finding suggests that considerable exposure and practice with a variety of
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models is important prior to the time when students are expected to use them to construct
new understanding.
Preconceptions Students Have about Human Respiration
That Emerged During the Tutoring Interviews
Students in this study varied widely in their understanding of respiration and the
preconceptions they conveyed at the beginning of the interviews. All students were given
the Human Respiration Survey prior to the pretest and this was analyzed according to the
Human Respiration Framework showing the students’ initial understanding of human
respiration. Individual scores as noted in Figure 20 show a range from I, indicating the
most naive concept of respiration as breathing to live, to IVA, KB, indicating that the
student had knowledge of structures of the pulmonary system but does not show
understanding of cellular respiration or any connection between the pulmonary and
circulatory system to any other structure. Students most often believed that oxygen was
taken in by the lungs and used by the body. They did not understand the nature of the
inter-relatedness of the systems or the connection between the organismic systems and the
cellular level.
Other evidence of preconceptions emerged at the beginning of the tutoring
interviews. Students’ preconceptions of a cell indicated that it was a circular object with a
few irregular objects inside that did not appear to share anything in common with the ‘cells’
students stated composed the whole human body. The cell described did not have a
function beyond structural support. Other models of the circulatory system and pulmonary
system were limited in most students and expressed many alternative conceptions. All
students said that there were lungs but only one could describe them accurately and most
did not see a connection between the lungs and the circulatory system.
The other seven students either said the lungs were just a tube or that they were balloon
shaped, hollow structures. One student believed that oxygen was possibly taken in
through the skin. In three instances, students described oxygen going directly to the heart
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or to the stomach where it was then absorbed along with the glucose, even though they
may have included lungs in their discussion or drawings.
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Figure 20: Results of the Human Respiration Survey conducted prior to the pretest and
Standardized Tutoring Cycle.

Persistence of some preconceptions made new model construction slow at times.
The alternative conceptions of the structure and function of the lungs were particularly
persistent. Moving beyond the dual model of the cell, one, an isolated circular structure
seen in school or vague ‘cells’ that made up the body, also took time and scaffolding. All
students eventually were able to move beyond their preconceptions to construct a more
scientific model of respiration as evidenced in their final descriptions of respiration and in
their drawings after the cell interview (see Figure 21).
Patterns of Learning Produced bv Strategies Used in Tutoring Interviews
Patterns of learning were identified through analysis of video and audio tapes.
Special attention was paid to the reactions students had to the analogies, discrepant events,
computer animation, and hands-on investigations. Reactions to these strategies were
varied. Even when the medium used was a hands-on experience, the results were different
than expected by the tutor. This became particularly evident during the microscope activity.
Student HI, even after repeated viewing of microscope slides of cells, continued to ‘see’
lines and dots rather than the outlines of cells. It was then apparent that simply looking at

more slides was not going to help her to understand the contiguous nature of cells; and
therefore, another medium was necessary. This was an example of ‘branching’ in that each
student received the same standardized tutoring cycle but at times needed more time and
other avenues of presentation to foster understanding. In the case of Student HI, book
illustrations, verbal descriptions of what she was seeing, and analogies were used in
conjunction with standardized methods.

Figure 21. Students’ drawings showing integration of organismic and cellular levels as
well as the production of ATP for energy use in the cells..
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A variety of elements were used as part of both the Standardized Tutoring Cycle
and for branching to attempt to aid learning. These elements fell into three basic categories,
analogies, computer animations, and hands-on activities. Discrepant events occurred
within other categories but particularly within hands-on activities. The use of probing
questions, likewise, appeared to play an important role in stimulating discussion and model
construction between and within other strategies.
Analogies
In this section, I will discuss the major aspects of the findings on analogies. First,
the most global finding involves the role of analogies in the construction of mental models
through tutor support and beginning within the frame of reference of the student. This
includes a discussion and examples from protocols of anchoring, making links between the
analogy and target conception, and activating prior knowledge. Analogies were
additionally used extensively in the current study to activate prior knowledge and to help
students move from a familiar concept to a new, unknown concept. This includes the role
of analogies in logical reasoning.
Specific natures of analogies will each be discussed as they occurred within the
protocol, including making concepts visual and increasing spatial understanding, helping
make abstract concepts concrete, providing opportunities for students to map features of the
analogy to a target thus developing a deeper understanding both structurally and
functionally, and aiding in the development of causality within models. Finally, I will look
at analogies as a teaching strategy. This will include the use of multiple analogies in small
construction cycles, the effect of placement of analogies within a lesson, and in-depth
constructing with analogies rather than quick, ‘one-shot’ analogies typical in many texts.
Additionally, new hypotheses about analogies were generated and strategies for
using analogies were uncovered. It should also be stressed that unlike many common
analogies used in biology textbooks, the analogies used in this study were not presented
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singly without extensive discussion and implementation. A list of all analogies used in the
tutoring interviews is presented in Figure 22.
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Figure 22. Analogies used in the Standardized Tutoring Cycle.
Construction of Mental Models Through Tutor Support and Beeinning Within the
Frame of Reference of the Student. One of the most common means of activating students’
prior knowledge is the use of analogies, which may also be used to help students to move
from concepts that are familiar and those that are unknown, as well as between simple and
complex concepts (Radford, 1989). Analogies also provide a framework for thinking and
learning about a target conception. For this to be effective there needs to be a strong link
between the target and the analogy domains. An example of this is the use of the fire
analogy. While there is not an exact match between the burning of fuel in a campfire and
the burning of glucose in the mitochondria, enough links could be made to help students at
this level to develop a much deeper understanding of oxygen and glucose use in the cell to
produce ATP for energy with by-products of carbon dioxide and water.
Logical Reasoning and Analogies. Analogies were used to support participants in
using logical reasoning to build connections between small mental model cycles. This
entailed beginning with an analogy that was familiar to the student. The student was then
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guided through a series of steps that both built the features of the analogy and mapped these
features to the target
An example of and evidence for mental model construction taking place was
provided by an interaction with Student VI. The student knew that oxygen and glucose
were necessary within the cell for energy generation but she was confused about the actual
role of oxygen. When asked to suggest how oxygen interacts within the body prior to
reaching the cell, the student said, “helps you breathe.” She appears to be reverting to
naive, prior conceptions about breathing and oxygen intake that were unconnected to the
new mental model of oxygen and glucose being used by the cell. The student had not yet
made the connection between these two ‘oxygens’, nor had she developed an
understanding of the role oxygen might have in ATP production to supply energy for the
cell. It appeared, therefore, that some tutor support was necessary to encourage the student
to develop a more complex mental model similar to the target model. The fire analogy was
introduced in small incremental steps to support the student’s understanding and to help the
student to move from the analog towards application to the target (Figure 24).
T

Do you have a wood stove or fireplace? Or, have you ever had a campfire?
(Draws fire)

In the above protocol, the tutor attempts to begin with an analogy that is within the frame of
reference of the student.
S

Fire needs oxygen.

As soon as the student sees the campfire she appears to make a connection to prior
knowledge and to the previous discussion about oxygen and offers that fire needs oxygen.
No further prompt was needed by the tutor. This also supplies the tutor with diagnostic
evidence of the students understanding about the analog, which can be used to help the
student bridge to the target concept.
T

What else does it need?

Probing for further connections.
S

It needs, um.It doesn’t need carbon, does it, because that would make
carbon dioxide?
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Again, it appears the student has drawn on prior knowledge, which is not erroneous since
wood is made of carbon but she does not appear to have this in mind and is groping to find
other pieces of prior knowledge.
T

What are we burning here?

S

Logs

T

OK. So wood. What if you were burning something in your car to make it
run? What would we call that?

Tutor attempts to use a second frame of reference, the car, to help the student establish that
fuel is needed for burning.
S

Gas.

T

OK. So we need some kind of fuel. Something that bums.
Then you said we needed oxygen. What would happen if we took the
oxygen away?

S

It would go out.

T

Now you have two things that you said you needed to bum. What were
those two things?

S

Fuel, I mean wood and oxygen

Student reverts back to just wood and oxygen but does recognize that both are needed for
burning.
T

OK, now let’s look at this (directs student back to drawing of cell with
mitochondria). What is your fuel here?

Now the tutor encourages the student to make a connection to the mitochondria.
S

Sugar

Student transfers the fuel idea for the fire analogy and looks for a possible source of fuel
for the cell. She has previously discussed food as an energy source and so chooses sugar.
Many students are able to suggest sugar as a source of fuel or for energy possibly due to
personal experience or advertising of candy for quick energy.
T

OK— so you are burning your sugar—and what do you need to help do
that?

S

To bum the sugar? Energy? (pause) Oxygen!

Student initially responds with a word she apparently connects to sugar, energy, possibly
from her own experience. However, she is able to quickly criticize and revise her model to
say oxygen.
T

OK, go back to your fire, right - you needed fuel and oxygen (directs
student back to prior picture of fire burning). And what did the fire give
off?
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Tutor moves students attention back to the fire to encourage further building of the model
of burning, now concentrating on the products, and trying to get the student to transfer
between the analogy and the target.
S

Carbon dioxide.

T

Yes, gave off carbon dioxide. What else?

S

Water

T

OK, might get some water off of it, what else? What if we stand close to it,
what might we feel?

The tutor attempts to stimulate the student's prior experience by suggesting that she is
standing close to the fire. It is hoped that this will help the student to make a connection
between her experience and what is occurring in the analogy.
S

Heat

T

Can we think of another name we might use for heat?

S

Um —like another name for heat? warmth

T

Yeah —

S

Power

T

Anything else? You have been using it a lot today.

S

Strength — Energy!

Student is initially groping for words probably from prior knowledge but suddenly makes
the connection with energy. This then sets the stage for the tutor to help her map this new
piece of energy production and by-products from the analog to the target.
T

So where did the carbon dioxide and water come from?

S

Cell?

Student still a little unsure of where by-produces come from.
T

Go back to the fire analogy. What was left when the fire burned up the
wood?

Tutor refers student back to analogy to now make a connection between the by-products of
the fire analogy and what might occur in the cell.
S

Ashes

T

What might those ashes be made of? How could we figure that out?

S

Burned glucose. Must have carbon and hydrogen in it.

Instead of talking about the fire analogy the student actually appears to transfer the
question to the target.
T

So sugar is made of what?

S

Made up of carbon, hydrogen, and oxygen.
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T

OK. Let’s think for a moment of another analogy. What happens when
you make a cake, and you mix flour and eggs, do you have anything left
over?

S

Left over?

T

Yeah. Do you use all of the egg?

S

No. You throw away the shell.

T

OK. And does the cake look like the flour and egg?

S

No, it is different.

T

Good. Well, when you mix the oxygen and glucose in the cell, do you
think it would be the same after it mixed?

S

No. It would make something new.

T

OK. And we call that new thing an ATP molecule. Just like the flour and
egg made a new thing, the cake. Now, do you think you would have
anything left over?

S

Yeah-so, maybe the water and carbon dioxide.

T

Good. Let’s look at the sugar and oxygen again. Some times we write
sugar like this - CHO - to stand for the carbon, hydrogen, and oxygen you
already told me were there. And the oxygen like this - O2 or two O. If we
mix them together and something is left over, you said carbon dioxide and
water, can you see where they could come from?

S

If the CHO and 02 break up they might get back together like that.

T

Yeah. So now let’s see if you can put it together.

S

Oxygen and sugar in the cell go into the mitochondria. Mix together and
you get ATP and water and carbon dioxide.

The student first makes a connection to an analogy within her frame of reference, a
campfire. Through open-ended questioning, the student builds up the fire analogy so that
she has a picture of what is necessary for a fire to bum, fuel and oxygen. The tutor then
encourages the student to apply this much of the analogy to the mitochondria. This is
believed to be important as too much information or a large leap between the analogy and
target may cause incomplete or inaccurate mapping resulting in a model that is not effective.
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Figure 23. Use of visual analogies of fire to aid construction of a mental model of energy
transformation in the mitochondria. This is a reproduction of at student/tutor co-constructed
drawing.

Traditional instruction tends to provide large chunks of new information on the cell
within one lesson, usually leaving the student to memorize facts rather than developing
understanding. At a point, however, the student appears to be struggling to get a picture of
what results from the glucose and oxygen and requires further support by the tutor.
In conclusion, small supported steps provided by the analogies appear to support
complex model construction in all students. While the above protocol example is from only
one student, all students in this study were successful in developing this complex model
after either the fire analogy alone, or the fire analogy in combination with the computer
animations. Transcript protocol and drawings were used to determine whether the
student’s mental model had actually changed. Such analysis was used throughout this
study to provide the evidence on which to diagram the students’ mental model progression

depicted in Appendix H. It is possible that the small changes in the students’ mental
models were fostered by the use of analogies that were constructed with the students.
Analogies That Engender Construction of Spatial Structure. The use of certain
analogous models may be more easily understood by students because they make concepts
more concrete (Bums & Okey, 1985). In addition, they may add to spatial understanding
in students. The first analogy used was the ear of com analogy in which students were
encouraged to think about the cells they had seen under the microscope and the cells they
had drawn in the body as the continuous arrangement of kernels on an ear of com (Figure
24). All students, but the one who already had this model, had an ‘ah-ha’ experience when
they made this connection. In this study, I use the ‘ah-ha’ expression to denote expressions
in which the student shows surprise. In some situations it is expressed by surprise. Most
often they reacted with an “Oh!” or “Yeah!” Even the student who appeared to have a
deeper model of contiguous cells stated, “That’s a good analogy!” “They remind me of skin
cells.” An example of the visual strategy is provided in the interaction with Student I.
T

(asks student draw ear of com) If you thought of the ear of com as tissue
what would the kernels be?

The tutor suggests this analogy to provide a visual model of contiguous cells.
S

Cells...Oh, and under that there would be more cells?

The student appears to have had a surprise reaction of sudden recognition or connection as
indicated by his pause and exclamation of “Oh”. He then extends his model by making
inference to suggest more cells under those he can see. This additionally gives evidence of
extending his model spatially, suggesting a three dimensional model of cells.
T

Does that look different from what you were thinking about cells?

S

Yeah!! (Student’s expression shows surprize).

T

Tell me how.

S

When I thought about cells, I was thinking of one cell and all the different
parts.

This student’s prior model is verbalized and compared to anew model. He recognizes that
he was thinking of cells in isolation but not as many cells together. This appears to be
evidence of a model change that had not occurred as a result of direct teaching or from the
microscope activity.
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T

Why one cell as opposed to many?

S

Just what comes to mind.

When another student. Student HI, looked at what she had drawn she commented that the
ear of com was like cells, kernels (cells) touching each other but not always in perfect
rows. At this point, her ear of com analogy helped her to make a connection to the
irregularity of the cells she had seen on the slides of kidney and heart cells.

Figure 24. Drawings made by students to represent the ear of com analogy.

In using her own drawing depicting the analogy, the student was better able to comprehend
the contiguous nature of the cells and additionally to visualize that they were not simplistic
rows but a compilation of various types of cells that make up specific tissues.
Introduction of a bunch of grapes as a visual analogy for the inside of the lungs also
had a positive effect of increased model construction. Student II had constructed a model
of the lungs as some type of system of tubes. This was an expanded view of his initial
model of the lungs as one tube that he had determined would not hold much air. At this
time the grapes were introduced by the tutor as a suggested analogy to the lung.
T

What if the system you are talking about looked like these grapes?

S

Yeah! That would hold a lot.

T

How would that look in the lungs?
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S

They would be interconnected through a system of thin tubes but at the end
would have things that expand by themselves. Would have surface area
covered by these - whole series of these instead of just a pipe.

Student had already developed a vague model of some sort of tubes necessary for gas flow
and exchange. It was not something he could readily draw or describe except with the
word ‘system’. By introducing the grape analogy, the tutor helped the student visualize his
‘system’, giving it more form and structure.
T

(holds up a freeze dried section of lung) Look at this. What do you see?

Now the tutor wants the student to transfer his model based on the grape analogy to the
target concept of the lungs.
S

Lot of little holes - more like a system - like this (holds up grapes). Like a
tree, branches.

I hypothesize that the student successfully transfers the analogy to visualize properties of
the target. It appears that with the picture of the grapes in mind, he can ‘see’ the structure
within the freeze dried lung even though this means filling in parts that are not visible and
reducing the image to a very small level. This may also entail mentally rotating and
manipulating the target in space since it is not a complete, intact lung, but just a section that
he has to fit into a much larger picture.
Student II had an interesting initial reaction to the suggested analogy of a school to a
cell. This student had manifested a difficulty in moving away from his ‘layered’ concept of
a cell like the layers of the skin. When the tutor suggested the school analogy Student II’s
first reaction was to state that the school would have several floors, reminiscent of the
layered cell concept. Because this idea of multiple floors could later be used to encourage a
3D image of the cell, no attempt was made to dislodge the model but rather the student was
directed to just concentrate on one floor at this time.
In summary, students were able to map visual spatial features from the contiguous
kernels in the com analogy to groups of contiguous cells in the body. The com analogy
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also appeared to contribute to the construction of a spatial configuration that bridged
organismic to cellular levels. All students were successful in attaining the first concept
(Appendix H) after the com analogy. Other analogies such as the grapes contributed to the
construction of visual-spatial features of the students’ models.
Analogies Making the Abstract More Concrete. In many instances, the target
conception, (i.e., conceptual model to be constructed), is often an abstract concept while
the analogy is concrete (Grant & Sutherland, 1978). The school analogy, a concrete
concept, provided a way for students to begin to look at the cell, an abstract concept, as
more than a static object, as a dynamic structure that for many also possessed causal
relationships. Student V, for example, had difficulty conceptualizing the whole body as
made up of cells.
S

I don’t like to think about that (the whole body made of cells) because it
seems really weird to me that we’re all made of billions of these little, tiny
cells. I just don’t like to think about it. All those questions like the
unknowns that people are trying to find out - how far does space go. Don’t
really like to think about those because it gets me confused and upset.

T

How is that different from thinking about organ systems?

S

That is really bigger. The cells are really small and so many of them.
Organs are made up of them.

The student had previously stated that he had studied about the circulatory system and had
seen plastic models of the heart and blood vessels. He apparently could visualize these
because they were larger and concrete structures whereas cells were so tiny and numerous too many to envision.
This student was not able to visualize the cells under the microscope, instead
describing dots and lines. Making the vague, abstract notion of cells more concrete
occurred through the use of the school analogy. His model increased in both structure and
function.
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T

Sometimes I think of the cell like a school. If we said the cell is like a
school, what parts might it have?

S

Office is the control center. I forget the name in the cell.

T

That’s OK. What else?

S

Classrooms — don’t know what. Well, maybe the mitochondria,
chloroplasts if a plant.

Student draws on two structural names from prior knowledge. The tutor can now use
these structures to help the student develop a model with more function.
T

How do you suppose messages could get from the control center, the
nucleus, to the other rooms?

S

Hallways for messages to move.

T

Any other places in the school?

S

A storage place for trash. Don’t know the name in the cell.

T

That’s all right. Just make a shape to show it Any place else?

S

Cafeteria

T

What do you need a cafeteria for?

S

To eat. Like cholorplast.

T

What do people need a cafeteria for?

S

Well, you eat to get nutrients to function.

T

OK, and why do they need nutrients to function? What do the nutrients do
for you?

S

Energy

T

If that happens in the cafeteria in the school, what might be like that in the
cell?

S

The mitochondria.

Student now has transferred the function of the cafeteria analogy to the target, giving a
suggested function to the mitochondria. If we follow the path this student has taken in
model construction, we see that he started with a name, mitochondria, without structure or
function. He then was able to transfer structure to it through the rooms in a school
analogy. Finally he gave function to the mitochondria when he transferred the energy
supply to students in the cafeteria analogy to the energy in the mitochondria.
Student II uses the fire analogy to help him construct understanding of the abstract
concept of ATP production in the mitochondria.
T

What keeps the fire going?

S

It bums oxygen.

T

So you need to bring in oxygen?
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S

Also some is trapped in the logs themselves.

T

So you have oxygen and fuel. What comes out?

S

Heat — energy

T

OK and is there anything left over?

S

Ashes, charcoal

T

(goes back to drawing of cell with oxygen and glucose coming in)
Tell me how this is like what you drew (in the fire analogy).

S

Raw materials come in - oxygen and glucose. Carbon dioxide and water are
by-products. Energy coming out.

T

How does that happen?

S

Bring in the glucose and oxygen and bum it up. Maybe like the fire. Then
carbon dioxide and water are left over and sent out

T

How does that relate to the fire analogy?

S

Both need materials to bum up. Both make energy. Charcoal left over and
produced in fire.

T

And what is the fuel in the cell?

S

Glucose.

To summarize, these two instances are similar to others used by students to aid
them in making abstract concepts more concrete. This in turn, appears to have led to
greater understanding of the target conception and further development of the students’
mental models.
Mapping Features of Analogues to Targets. It was important that the framework
supplied by the analogy provide more than just structural similarities, but also included
features that increase the understanding of function and causality. Students all agreed that
the central office or principal’s office was akin to the nucleus of the cell in that it directed
much of the overall working of the school (cell). They also described various classrooms
as different subparts of the cell that, while most could not identify these subparts by name,
they recognized as having different jobs that helped the cell to function. Through probing
questions by the tutor, most students mapped the cafeteria to a part of the cell responsible
for providing energy for the cell. In two cases students were able to name this as the
mitochondria. The others were introduced to the name through the computer animation.
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In the school analogy, the tutor also attempted to induce dissonance between the
analogy and the students’ previous model of a cell through these multiple mini-steps that
included mapping features of the analogue to the target. Students mapped the various parts
of the analog to the target concept, the cell. This is different than many traditional analogies
used in texts, in that the mapping is carried out by the student rather than the tutor. This
allows students to build on their own experiences and to control the construction rather than
merely accepting the tutor’s analogy. It also provided the tutor with a diagnostic tool to
assess the student’s understanding.
Through the process of mapping structures in the cell to the school analogy, the
tutor often returned to the students’ original drawings of the cell and askd, “Is that in your
drawing? Do you see that piece there? Where would that be?” So they were constantly
going back and comparing to the first model and the hope was that the static picture that the
students brought with them would change. Commonly mapped features of the school
analogy to the cell are shown in Figure 25.
Early in the tutoring sessions the students were asked to draw their concept of cells
(Figure 26). These pictures were very simplistic, usually just a circle with a few dots or
one dark central dot All but one showed no function. So the tutor attempted to use the
school analogy to encourage the students to generate a model with more structure and
function. The tutor repeatedly had the students refer back to their initial drawing for
comparison. As students constructed this new cell with structure and function based on an
analogy, they had to reconcile it with their initial model of a cell. Student IV stated, “Yeah,
yeah! I had those little lines but I didn’t have a reason for them. Now I have a reason, you
need interconnections in a cell.”

SCHOOL ANALOGY

TARGET CONCEPT: THE CELL

Principal’s Office

Nucleus

Hallways

Endoplasmic Reticulum

Classrooms

Cell Bodies (Golgi Bodies)

Dumpster

Lysosomes

Cafeteria

Mitochondria

Fence Around School

Cell Membrane

Gym, Auditorium, Other

Cell Bodies

Large Open Areas

* Students were able to suggest such features of the cell although they could generally only
name the nucleus and cell membrane. Two students could name the mitochondria but did
not have a function for it until after the analogy.
Figure 25. Features students commonly mapped from the school analogy to the target
concept, the cell.
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Student IV’s initial drawing of cell.

Figure 26. Examples of the initial cell drawings of three students showing the range of
complexity.

Ill

When asked to describe how the cafeteria was like the mitochondria. Student V first
stated, “It is like the chloroplast.” The tutor directed the student to think about animal
cells. This stimulated the student to revise his first response stating that chloroplast would
be in plant cells. He then stated, “You go to the cafeteria to eat to get nutrients to
function...for energy.” Student III had more difficulty establishing a dynamic nature for
the cell because she first saw the cafeteria as just a place to store food. It took more
probing questions by the tutor to move her toward a model where there was a larger reason
for the cafeteria (mitochondria) that included energy transformation.
T

Can you relate your school model to the cell?

S

The nucleus is the office, the messages are sent over the p.a. system
through wires but I don’t know what they are in the cell.

T

Are all the classrooms the same?

S

No, there is a gym, a cafeteria to store food, general classrooms,
bathrooms, and a dumpster to get rid of trash.

T

Okay, and if the cell is similar?

S

Ummmmmmm

Student does not appear to be readily able to transfer the analogy to the cell. Therefore, the
tutor temporarily moves to another broader analogy of the energy needs of the body as a
whole.

T

Well, when you get up in the morning what do you do?

S

Dress, brush teeth, eat

T

Why do you eat?

S

To get energy

T

Think about getting energy. Could energy be produced in the cell?

The tutor should probably have asked instead "what might the cell get energy for ?”

S

Cells break down food and make energy

T

Where would that be in your model of a cell like a school?

S

In one of the rooms in the cell. No idea what that place in the cell is called.

At this time the tutor determines that the student has progressed well in mapping but may
now be hampered by lack of a more detailed and realistic mental image of the mitochondria.
The tutor did not need to use as many prompts with this student as with some but
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continuous support still is apparent in the protocols. The student also appears to have
transferred some of the features of the analogy to the cell. To further support this transfer,
the tutor uses the computer still drawing of the cell to work between the school analogy and
the picture of the mitochondria in the cell to give the student a more visual picture of the
mitochondria.
Another student. Student VI, had a limited model of a cell at the beginning of the
tutoring sessions but did note that the cell took in food. She did not have any cell
structures, however. Therefore, the tutor could work with what little the student did know
and give support through questions and prompts to help her build a more complex model.
T

Let’s go back to your first drawing of a cell and see if we can think about
what all these cells have in common. Sometimes when we think about a cell
we can liken it to something else. Maybe a cell is like a school. If you had
to make this cell (pointing to her original drawing of cell) what parts would
you have?

S

Maybe the principal.

T

Okay so put a principal’s office in there.

S

(draws in office)

T

OK, what else would you have?

S

Maybe the students.

T

And where are the students - where are they supposed to be most of the
time?

S

In the school? But notin the principal’s office?

T

Yeah, where could they be? Are they just hanging out everywhere?

S

No, in the classrooms.

T

OK, so let’s put some classrooms in. (Student draws). OK, now we need a
place for these people to eat, so what are we going to put in?

S

A cafeteria?

T

OK. So why don’t you draw that in? Now the school makes a lot of trash.
What kind of place can we have for all the trash?

S

A dumpster.

T

Now we have an office that sort of runs things, and classrooms, and a
cafeteria to get food, and a dumpster to pick up trash. Now we need some
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way for the people in the office to move to the classrooms or other places.
What can we draw?
S

Hallways. (Draws)

T

Now, what do you think is like the cafeteria in a cell?

S

Where they store the food.

The student has made a direct transfer of what she sees as the function of the cafeteria, to
store food, to the cell. Unfortunately, this provides a limited function of the mitochondria
and the tutor needs to attempt to broaden her model.
T

Do you know where that food goes in the cell?

S

—pause-They use it up as energy.

T

Yes they do and they need a place to do that.
The thing we are really interested in is this thing, the cafeteria. We might
think of this as being a huge school and it might have several cafeterias. So
if we think about that in the cell, we might think about this as a place to get
energy.

S

Yeah.

T

Some of these little things you have in your picture that you said got food
for the cell, we call those the mitochondria. You said those places in your
drawing get food for energy. Well let’s think about what the cell might
need energy for.

S

So they can move around, pass oxygen around.

T

Okay, so any time they have to move things around it takes energy. What
do you think about moving things around hallways?

S

Um...

T

Well, just like when you get up in the morning you eat breakfast so that you
have energy to work all day. You have different jobs to do, study, play
sports. The cell is the same way. It has different jobs to do.
Let’s go back to our muscle cell for a moment. Do you think it has the same
parts that you drew in this cell (drawing of cell based on school analogy)?

S

Where to get food from.

T

Do you think they might need more or less energy than a skin cell?

S

More.

T

Why might that be?

S

They do more jobs. Need to move.

114

Student VII began the tutoring sessions with a very naive concept of cells and had
difficulty even drawing what a cell might look like. In addition, in the beginning he could
not ascribe any function to the cell. Mapping appears to have aided him in constructing a
basic cell model that he could later manipulate and use to provide a need for oxygen and
glucose in the body. While this mapping was an easy process for most students, Student
VII had great difficulty and while he was able to complete some mapping, it took more
tutor support. This may be due to his limited prior knowledge or the abstract nature of the
cell. Initially, attempts were made to have the student suggest parts of a school and map
them to the cell but the student appeared unable to understand the concept of mapping. In
this instance, the tutor took a more active role in modeling the mapping and used many
more prompts to stimulate the student’s connections between the school and the cell. At
first this meant prompting him to construct a model of the parts of the school. This
student, unlike any of the other participants, also had great difficulty in holding on to
mental models for any length of time and continual return to a drawing or description was
necessary to build continuity.
T

What kind of things do you think are inside a cell?

S

Umm, I don’t

T

Can you think of anything a cell might do that it would need to have special
parts?

S

Umm, what do you mean, to do?

T

Well, let’s think for minute of an analogy for a cell. Sometimes when I
think of a cell I think of a school and inside that school there are different
places. We could have a school just one big room and if we have one big
room we could put all the people playing band in there and we could put the
English class in there and people drawing and people playing basketball;
and eating and we would have them all together in one room, Okay? They
all have a job but they are all mixed together. What do you think that would
be like?

S

Umm - it would be chaos.

T

Okay, it would be chaos. It would be a little bit hard to study if people were
playing in the band and playing basketball, so if we think of the cell like a
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school, we might think of it as having different parts - different places
where things are done.
S

Of just one cell, Okay.

T

So the first thing we could think about is some kind of a control center.
A place that sends out messages to tell how to make certain things, how to
do work. So what could we think of that might be like that in a school?

S

Principal.

T

Okay, so we have the principal’s office. Just draw the office here. The
principal’s office is going to be like the nucleus of the cell because the
nucleus of a cell is the control center.

Due to the complete lack of prior knowledge of the cell, unlike the other students, the tutor
begins with making the connection between the school analogy and the cell for the student
as a way of modeling the process of mapping.

T

Now we have to have some other places where kids can be to study so let’s
put in some different rooms.

S

(Draws in classrooms)

T

Now we need a place to feed them because kids get hungry, right?
Everybody wants a cafeteria, so let’s put in a cafeteria.

S

(Draws in cafeteria)

T

Now we need some way to get between them (the rooms). We have to get
from the office to different places. We have to get from the classroom to
other classrooms and we have to get from the classroom to the cafeteria.
What do we need?

S

umm, walkways.

T

Okay, all right so you have some kind of passageways. Now the school
makes a lot of trash. It’s got to have some way to take that trash out. What
could we put in here for that trash?

S

A garbage can.

T

Okay. Well the one place that we want to focus on today is the cafeteria
because the cafeteria is where the people that are out here doing their jobs
get their energy. They go to the cafeteria to eat. Remember you told me in
the beginning that people need to eat to have energy to get up the mountain?

S

Yeah
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T

Well, the cell has a room like the cafeteria. It’s a kind of powerhouse where
energy is produced.
What do you think the cell might need energy for?

S

Ummmmmm - to do jobs

T

Okay, and what do you think the cell might need for this part (points to
mitochondria shape the student drew previously as cafeteria) to make
energy? What kinds of things would the cell need to get?

S

The cell needs energy which would probably come from vitamins which
would be broken up by the body and that would fuel cells and that would be
able to produce energy for cells.

T

Can you think of anything else they might need?

S

Protein

T

Okay

S

And oxygen

T

Can you write this down? How do you think those things work in there?
What do you think they do when they get to the cell?

S

Ummm. It’s sort of like food for the cell. The cell would take those things
and then get power from those things so it could do the things it’s supposed
to do.

T

Do you know how it does that, how it gets power?

S

Ummm. Because these things they go through our body and is collected
around body to the cell.

T

Okay, well let’s think for a second. Do you have a woodstove at home or a
fireplace?

The tutor moves away from the mapping of the school to the cell to a second analogy, the
fire analogy, to try to build an understanding of what a cell would need in order to provide
energy.

Student I attempted to map the cell to the school rather than mapping the analog to
the target. He stated that the nucleus would be like the office that would send out
messages. Since his initial model of a cell had a cell membrane identified, he attempted to
find a similar structure in the school and decided on a fence that surrounded the school.
This would control exit from the cell/school. When encouraged, he finally added other
structures to represent a gym, an auditorium, and a cafeteria. He could not connect them to
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a cell and stated that it was hard to think of the cell like a school because, “it’s not
like...don’t think it has boundaries... hard to compare to such a big thing. I don’t think
about the cell doing that many things.” This limited view of the cell and inability to map
structures between the school analogy and the cell provided much information about this
student’s mental model. It also suggested the need for more detailed intervention on the
part of the tutor. I hypothesize that this student’s prior model of a cell may have been so
strong that it was not easily changed even to the point of resisting mapping the analogy. It
should be noted, however, that this particular student ultimately achieved the highest score
on the post-test and also showed the greatest change from pre-test to post-test
In summary, all students were able to engage in guided mapping although the extent
of tutor support varied with each student. All students were able to transfer features and
functions from the analogue to the target concept, although not all at the same level. Prior
knowledge may have played a role in students’ ability to map. One student who had
limited prior knowledge even to the point of being completely unable to suggest a structure
for a cell, had the most difficulty and needed the most support. In addition, the persistence
of certain prior models may have contributed to the resistance or simply lack of ability to
map features of the analogy to the target.
Functionality and Causality of Models Constructed Via Analogies
In the school analogy, many structural parts of the school could be matched to
attributes of a cell. As I suggest below, it was the construction of a model that included the
function and inter-relatedness of the cell that was particularly supported through the school
analogy. The school is seen by myself as a vibrant, functioning unit and it was desired that
this image be transferred and integrated into the students’ mental model of the cell. “When
an analogy is drawn between concepts, a powerful relation is constructed that leads to
meaningful learning. An analogous relationship is powerful because it comprises an entire
set of associative relationships between features of the concepts being compared (Glynn,
1991, pg. 223). Students not only mapped structural features but, when they discussed the
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functional nature of these features, they likewise mapped this to the cell. For example,
Student II begins to detail the parts of a school that would have similar structures in a cell.
At the same time, he begins to give function to these features in a school and thereby also
giving function to similar structures in the cell.
T

(Suggests school analogy and asks student what places you would find in a
school)

S

A central office or control center - so a nucleus in the cell.

Student draws on prior knowledge of a cell to suggest that the nucleus is like the central
office. This also indicates that the student has a function for this structure, one of
controlling something in the cell.
T

What else?

S

An intercom - some way to relay messages

T

What could you draw in the cell like that?

S

(Draws dots moving outward from nucleus into cell)

T

What else is there? Where do the messages go?

S

Teachers (Draws in some squares for classrooms)

T

Do all the teachers do the same thing?

The tutor begins to encourage expansion of the studenf s model by introducing the concept
of different jobs for different structures.
S

No - do different things

T

Anything else?

S

Something to clean out the cell like garbage men.

T

So now you have different places for messages to go. There is another
large place in the school —

At this point the student has not suggested any structure that could be mapped to the
mitochondria and therefore the tutor encourages this, trying not to lead the student.
S

Cafeteria! (Draws in a large oval in cell to denote structure similar to
cafeteria)

T

What do people do there?

S

Eat - get food which is converted to energy.

Student II has developed structures in the cell that represent structures in the school. He
has additionally transferred the function of these structures to the cell even though he does
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not yet have scientific names for these structures. Once he had determined that the cafeteria
supplied food for energy, he is ready to make a more detailed connection to energy in the
cell.
T

What does food do for you?

S

Supplies nutrients, raw materials to make energy

T

So, you may need some place to make that energy?

S

A powerhouse - that’s the mitochondria

Student now draws on prior knowledge, probably a prior analogy he has heard used, that
likens the mitochondria to a powerhouse. The tutor must now assess what this knowledge
is and attempt to help the student further construct his model of the cell to include what he
has already established that happens in the cafeteria with what happens in the mitochondria.
T

What does the mitochondria look like?

S

I don’t know.

T

You said it was like a powerhouse. What might that look like?

It appears that the student has little prior knowledge of the mitochondria as a powerhouse
other than the words themselves and some connection to power or energy. For this reason,
the tutor tries to have him further construct the analogy, which can then be mapped to the
target, the mitochondria.
S

Both would need a place to store the fuel, a processing center, workers,
own control center, an actual place where it makes the energy, and a place to
send it to the outside.

In this last statement the student has both expanded his structure of the mitochondria
through likening it to a powerhouse and suggested some functional features as it [produces'
energy.
In conclusion, applying function to concepts such as the cell was fostered by
analogies. All students were able to apply at least minimal function to the cell after the
school analogy. The degree of function and the level of support needed from the tutor
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varied among students partly based, it appears, on prior knowledge. I hypothesize that the
use of multiple, small analogies was important in allowing development of the
understanding of functionality. An example of this is the use of the powerhouse
mini-analogy within the larger school analogy to construct an understanding of function
within the mitochondria.
Student Generated Analogies. Analogies have been used extensively in traditional
biology education and can be found throughout many biology texts. Unfortunately, these
attempts at analogy use have often not proven successful. One possible explanation for this
occurrence is that these analogies have been structured on the knowledge of the teacher or
textbook publishers, not on the prior knowledge of the students. Brown (1994) suggests
that while analogies might be useful when viewed through the conceptual framework of the
expert or teacher, they may not be useful when viewed through the student’s conceptual
framework. Therefore, to prevent such an occurrence, a second analogy to the cell was
elicited from the students’ perspective. Students were asked to think of their own analogy
for a cell immediately following the school analogy (Figure 29). Students responses
varied; but, the most striking difference was the degree of functionality and the complexity
of the various student generated analogies.
Student II

The government system. There is the executive office or White
House for the nucleus, the garbage men for
lysosomes...then the judicial branch, the House of Representatives,
and Senators all do different jobs like the parts of the cell.
Secretaries and aides deliver messages. Oh, and they all eat too for
energy so you have restaurants.

Student ID

A State government. The main office is nucleus and different areas
are where things happen. These areas are connected to the main
building. Other areas to help these. Have places to make energy
and transfer it to other places like one of the rooms in the cell.
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Student IV

A corporation. The boss makes the decisions like the nucleus. The
employees need to talk to the boss so there has to be hallways.
Then cafeteria for energy. Energy is needed for the computers and
for the employees to do work. There would probably be different
levels of employees. They might make a product like software to
send out. The cell would have to have a semi-permeable membrane
to send products out.

Figure 27. Student H*s initial cell and cell analogy of the government system.
Student V

A town. Buildings, fast food, and garbage cans - lysosomes.
Hallways in the cytoplasm are like roads in the town. Oh yeah!
City Hall is like the nucleus. It sends out like eviction notices!
Power lines are for energy. (This student had different sources of
energy, the fast food to supply a source of energy for the
workers and power lines to the buildings. Unlike some students,
this dual source of energy did not prevent understanding later.)
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Student VII had the beginnings of an integrated system expressed by his analogy to
the government but it was not as clear as the above four. While other students needed
fewif any prompts to discuss their complete analogy and to liken it to the features of the
cell, this student needed much more support as indicated below. (Parentheses added to
help explain what student is suggesting since this was often arrived at through the student
motioning to areas on his picture).

Student VII

The White House. The president is the nucleus. All the little

workers are like Congress and ‘stuff’ gets paid from people’s taxes.
It’s like a grocery bag (passing around)and they (people) give them
(the government) money and that money goes to there (White
House) and then like that goes to making buildings and paying
school districts and that’s like a cell because we pay the government
and they use our money to sponsor things that we need. So then we
don’t have to be working — well we’ll still be working but we
wouldn’t have to be working to pay for that ourself (each one of us
isn’t paying for services individually). You like all work together
like a cell.
(Tutor asked where the energy might come from in the picture for
the government to run)
It’s all around this picture. (Tutor says, show me that).
Like the president and the government and ‘stuff get the money.
They each get some (money) to be paid themselves and the money
that they have left sort of builds up energy for them to be able to
build things and pay for other things.
(Tutor asks about the energy in the cell, where it might come from)
The cell needs energy which would probably come from vitamins
which would be broken up by the body and that would fuel cell.
Two students were unable to come up with another analogy but stated that they
liked the school analogy and could use it to envision the cell. Student I was able to draw
and map an analogy of a computer chip to a cell. Unfortunately, it had limited structure and
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function, possibly indicative of his understanding of the cell (Figure 28). When questioned
about the analogy the student stated,
S

...don’t think the cell has boundaries like that (the school). It is hard to
compare to such a big thing...don’t think about the cell as doing that many
things.

The student indicates in this passage his reluctance to give up his prior model for a model
similar to the analogue. This supports the idea that analogies generated outside the
student, by teacher or text, may have a negative effect rather than a constructive one. At the
same time, this interaction provides the tutor with a diagnostic assessment that is invaluable
in understanding the student’s level of understanding and also what other support will be
needed to help the student construct the cell model.
T

Can you think of another analogy for a cell?

Tutor encourages the student to generate his own analogy. This aids the tutor in assessing
the studenfs understanding of the cell as well as empowering the student by encouraging
control over his own learning.
S

Maybe a circuit board.

T

Draw that for me. (Student draws) Now, tell me how that is like a cell.

Tutor attempts to have the student make his model more visual and concrete through
drawing.
S

There’s one central area (indicates with a square drawn in one comer). And
it is connected to other parts by wires. (Thinks but is unable to draw any
other parts or suggest reasons for other parts).

Studenfs model of the circuit shows limited structure and function. This supports his
difficulty in likening the school to a cell because, as he has said, he does not ascribe much
function to a cell.
T

Go back to your initial picture you drew of the cell that showed different
parts.

Since the student had initially drawn more structures (without names) in his initial cell, the
tutor attempts to introduce a source of dissonance by having the student compare the initial
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cell and this new analog for a cell that is much more limited in structures. It is believed that
dissonance will stimulate criticism and revision of a model.
S

Some create food, some the waste. I know all have different jobs. Parts
might be different

The student now appears to draw on prior knowledge to justify why he had more structures
in his initial model, suggesting concepts that he was not willing to consider in his new
model. The statement, <fParts might be different,” suggests that he is beginning to question
and possibly be open to changing the limited model for a broader one.
T

Why would they need to be different, have different jobs?

S

Shape. Yeah, they have different things to do.

Student is now open to the idea that the cell might have more functions that he previously
thought. This does not guarantee that he is ready to accept or use the school analogy. The
tutor must make a decision whether to branch into another analogy or learning strategy. In
this case the tutor decided to move to an organismic level to build up the concept of
different jobs which the student has already mentioned.
In summary, some of the students were able to generate their own analogies for the
cell when asked to do so. Others, however, suggested analogies later during the sessions
on diffusion. When one student suggested a limited analogy, that is a more simplistic
analogy with little structure and function, it appeared also to follow that his model of the
target concept was limited.
Multiple Analogies. It has been suggested that multiple analogies that build
incrementally on one another may be more effective in helping students build complex
models (Glynn, 1991; Clement & Rea-Ramirez, 1997; Steinberg & Clement, 1997).
Students are not asked to make large leaps from one analogue to the target concept but are
scaffolded through a series of smaller steps in model construction. This research suggests
that multiple analogies may play a major role in building a complex model of respiration. In
the teacher model cycles, multiple analogies were used to help students construct five
different concepts that, when integrated, provided this complex model. Some individual
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concepts required multiple analogies, often quick but familiar, small anchors, to support
model construction within that one concept. Diffusion provides an example of the use of
multiple analogies within one topic area. To construct a mental model of diffusion, students
required time and support Fisher & Christianson (1997) have stressed that increased time
on task would contribute to increased comprehension of difficult ideas like diffusion and
osmosis. An attempt to provide this time on task and interpretation experiences was made,
especially in the interview on diffusion, through the use of analogies. These analogies
were at times student generated which may have added to their effectiveness.

Figure 28. Student I’s initial drawing of cell (a) and his circuit board analogy for cell (b)
suggesting limited structure and function.
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An example of the use of multiple analogies to construct a mental model of
diffusion is given below for Student VII.
T

What if I gave you a glass of water and then dropped in a few drops of
green food dye? What happens?

S

Green just spreads out.

T

I wonder why that would happen.

The tutor is asking the student to elaborate and make his model more visualizablefor the
tutor. This provides a diagnostic assessment of the current model held by the student and
also aids the student in making the model more clear for himself so that he can manipulate
it, using it to explain causal relationships.
S

Substances are a lot alike - both liquids might combine together so green
spreads.

T

Take a tiny dot of the liquid and blow it up—draw what that would look
like.

The tutor is attempting to find out if the student has a particulate model of liquids or if he is
relying on a macro model of liquids based on externally observable properties.
S

I go back to the atom itself. (Draws ball and stick model of water - H20)

The student draws on prior knowledge of a model of water (ball and stick) probably
learned in school.
T

Draw more of the water. (Student draws more molecules). Do they just sit
there?

Now the tutor is attempting to have the student extend his model to see if he added dynamic
features such as random movement to it.
S

No, move around.

T

Show that with arrows. (Student puts in arrows showing the water
molecules moving in all directions).

The student is able to show that he realized that the molecules of water are moving but
when the tutor introduces the dye, he does not extend this notion of random movement to
the dye particles as indicated in his next statement.
So they are moving around and here comes a few drops of green food dye.
What happens? (Draw in a few drops of green above the water).
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S

It breaks up.

T

How does it do that? Where does it go?

S

It just breaks up and moves all around.

T

Could the dye just sit there?

It is unclear here whether the dye is moving or just being moved by the water.
S

I don’t know.

Since the student appears confused (experiencing dissonance) over the question of
movement of all particles, the tutor decides to introduce an analogy to help him construct a
model of random movement.
T

Think about a bucket of red balls. If you put a few green balls into the
bucket and shook it what would happen to the green balls?

S

Would move.
Oh! So they would move around and diffuse more.

Even though the analogy is limited by the external cause of motion rather than random
motion caused by the balls (particles) themselves, the student appears to have a
breakthrough and connects the idea of moving around and diffusing.
T

Now relate that back to the blood vessel and the cell. You have a bunch of
nutrients in the vessel and a cell next to it. Can you relate what you said
about the balls or the dye in the water to what is happening in the vessel and
cell?

The tutor now attempts to have the student make a connection between the ball analogy and
the target, diffusion of nutrients between the blood vessels and the cells.
S

It moves around a lot. Goes out of the capillary and goes into the cell.

The student’s ability to now use the analog model of movement and diffusion for diffusion
in the body suggests the effectiveness of the analogy and also provides evidence of model
construction.
Because diffusion was a difficult topic for all students that required a considerable
time commitment, a series of analogies, probing questions, and drawings were used to help
Student IV to develop a better understanding. Drawing was used to help students
consolidate the multiple analogies, leading to a complex, integrated model (Figure 29).
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T

What if I gave you a glass of water and then I dropped a few drops of red
dye into it, what would happen?

S

...red disperses because it has a tendency to balance.

The initial pause suggests that the student is mentally manipulating the suggested analogy
and attempting to provide an explanation. He has also given human qualities to the dye in
stating that it “has a tendency to balance ” This provides an opening for the tutor to
introduce a source of dissonance by using his own statement to have him reflect on this
suggested process.
T

How would the red dye ‘know’m to disperse?

S

It has to do with pressure. Like a window., inside there is hot air spread
out, moving fast. It is not dense. Outside you have dense packed particles,
motionless, cold particles. They move together, balance, when you remove
the window.

The student appears to be drawing on personal experience and prior knowledge to construct
an analogy for the movement of particles. This suggests that he does have some model of
particulate matter.
T

How would that look?

The tutor attempts to get the student to make his model more visualizable. To do this, the
student suggests another analogy. This is similar to classroom situations in which the
teacher uses multiple strategies to attempt to help all students understand a concept.
S

The more compressed particles push out like in a crowded, tight packed
room. When you remove the wall they just fall out. Heat makes these move
faster but give off some of their heat so they cool off - balances out

Initially the student attempts to make an analogy between particles and suggested people in
a tightly packed room. He then introduces another concept of heat affecting movement and
transfer of heat between particles. This appears to come from prior knowledge and striving
to integrate concepts to explain what he calls ‘balancing out’. This suggests that
dissonance may be occurring within the student as he struggles for an explanation, drawing
from all resources available to him. The student appears to be integrating several
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preconceptions to try to find a way of expressing the movement of the dye in the water.
There is the idea of hot and cold ‘balancing ouf as in mixing cold water and hot water.
There is also a suggestion of pressure causing motion. At this time the student appears to
be struggling to explain a new situation with incomplete pieces of knowledge.
T

Let’s go back to the people in the room. They are all crammed together.
Then you open a door. What does this do?

S

They are bouncing around. One kid pushes another kid who pushes
another kid and so on. Applies energy-well—
4

This is the first indication that the student recognizes a random pushing motion but as
indicated by his next response, he is still trying to put this together with the other ideas
about pressure and motion. The long pause after he suggests that energy is applied through
the pushing and the ‘well’ are further evidence of dissonance.
T

Can you apply that model to the air?

The tutor attempts to have the student apply this analogy to the previous model of air that
he had suggested. The student poses his own question in an attempt to try to work through
his dissonance.
S

What I am kind of confused about is if actually, is it the cold air that rushes
in because of pressure on it or the hot air rushing out because of moving
fast?

T

Well, maybe you could think about the cold air as a room full of adults and
the hot air as a room of active kids.

The tutor, seeing his struggle, suggests trying to make a connection between the two
analogies of air and room of adults. This is an attempt to help the student make the air
particles more of a concrete model so that the student may be able to work with both
analogies more effectively. In addition, the tutor suggests small steps rather than one giant
step from the analog to the target.
S

The cold air is tightly packed adults. The kids in the next room—there
would be fewer — but moving fast?

T

OK. The kids are moving fast and you open a wall between the rooms.
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S

Adults would enter. Not so much air exchange but more like the kids
would excite the adults more. Spread out. Natural.

The student appears to be able to be explaining the random motion of some particles, seeing
that the faster moving particles (kids) would bump into the slower moving particles (adults)
but still does not see the randomness of all particles.
T

Now think about the water. The water is the kids and the adults are the dye.
All close packed.

The tutor takes the next step to guide the student s attention to make a connection between
the room analogy to the initial dye in water analogy.
S

With a drop you have surface tension so it is contained. The particles are
free to drift. There is water pressure on the dye—not even, so pushes out.

Here again is evidence that instead of applying the same reasoning he used for the packed
crowd, the student is distracted by other bits of information he knows about water. It is as
if he were trying to make it much harder than it is.
T

What pushes? Think about the particles.

S

It is a combination. It just disperses—both are pushing.

The student finally suggests that both the water and dye are pushing but the tutor decided it
was time to suggest another model since the student again appeared to be struggling and
veering off in non-productive ways. Student finally made a connection with pieces of
knowledge he remembered about substances moving from areas of high concentration to
areas of low concentration.
While the student had constructed a more complex but general model of random
motion he was still unsure how to apply it to movement in and out of the cell. This may be
due to the fact that in his analogies he mentally was removing the barrier between the two
groups of particles and with the cell he recognized that there was a membrane still
separating them that would interfere with random movement. He needed to now connect
his prior knowledge about semi-permeable membranes and his current model of diffusion.
Interestingly, none of the other students was disturbed by the presence of a membrane.
This leads one to question the depth of their understanding.
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At this point, the tutor needed to make a decision whether to continue trying to
work through the analogies or to introduce a computer animation of nutrient exchange as a
new model. It was decided that it would possibly be more fruitful to introduce a new model
during which the student was repeatedly asked to stop and predict or to discuss what was
happening in light of what he had discussed so far. An attempt was made to connect the
new computer animated model and the analogy generated models. At the end of the
animation, the student’s understanding was assessed by asking if there were any surprises.
S

It (the animation) was right. I forgot waste products. What I don’t
understand is if there are two high concentrations of different things why do
they diffuse. Why not just mix and stay balanced?

The student appears to introduce further dissonance through his own question about
concentrations and movement of particles. This is important as it is a sign that he is now
attempting to run a simulation of his model actually functioning and then is criticizing this
model as it does not completely explain the action. It provides a good picture for the tutor
of the holes in his model.
T

Go back to your model of particles moving.

The tutor attempts to have the student think of his question in terms of his prior model on
moving particles. Unfortunately, the student appears to hold alternative conceptions about
higher concentrations that impede further progress along these lines. The next statement by
the student suggests that optimal dissonance has possibly been exceeded and rather than
trying to work through the contradiction, he falls back on a naive concept of science as
facts and laws that ‘just are'. This suggests that there may be optimal levels of dissonance
that support construction. The teacher, therefore, needs to be sensitive to these states in the
student and adjust the learning situation to find a balance.
S

Just happens. Law of physics.

The student finally falls back on the idea that this is science, science has laws that say the
process works this way so I should just believe it.
T

Are the particles moving or stationary?
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The tutor attempts to move the student back to a concept he did understand in order to
alleviate the dissonance and increase confidence in what he already knew. It was also
hoped that he would then be able to construct a new model based on the previous model of
random particulate motion.

S

Moving. If oxygen more active then oxygen would enter. But why does
carbon dioxide come out? Would seem like just both would go out. I don’t
see the difference that oxygen goes in and carbon dioxide goes out.

The student continues to be confused about the movement of particles from higher
concentration to lower concentration. He apparently does not recognize that high
concentration of different substances is different from high concentrations of the same
substance. Also at issue might be a lock of understanding of why there is a higher
concentration of carbon dioxide at the cell site as a waste.
As the previous protocol and analysis appears to indicate, the student was
beginning to have an understanding of diffusion but still did not have a deep understanding
of concentrations and particulate movement of matter. All of the other students developed at
least a partial understanding of random movement of particles that in some way allowed
substances to move in and out of cells. Some question still remains whether students were
merely accepting the concept of random motion and diffusion across a membrane by faith
alone. Further research is needed to determine the extent of their understanding. Diffusion
remains a topic that requires much more time than was initially thought. This issue will be
discussed in more depth in the pitfalls and hurdles sections of this paper.
Use of multiple analogies as an instructional strategy allowed students to construct
mental models in many small revision cycles. All students developed at least a minimal
model of diffusion based on random motion after multiple analogies were used. For a few
of these students, some of the multiple analogies were self generated. It is hypothesized
that this self generation may have helped the students to think about their evolving mental
\

models and both explain and criticize those models.
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water

Adults

Children

Adults packed in a crowded room and
children moving quickly in open room.

Adults and children move together
when wall opened. Fast moving
students bump into slow moving
adults.

Figure 29. Multiple analogies used to construct a model of diffusion. (Researcher
representations of multiple students’ drawings).
Factors Influencing the Instructional Effectiveness of Analogies. The instructional
effectiveness of analogies may be influenced by the placement of the analogy within the
lesson. Using analogies as a type of advanced organizer, as the school analogy, has been
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suggested as a way to stimulate prior knowledge and to provide students with a type of
outline of the lesson. It may be similar to concept mapping suggested by and Gowin
(1984) which provides a “visual lense in which to promote new knowledge production and
understanding.” Novak’s ideas, in turn, are descended from Ausubel (1968). They
further describe concept maps as semantic networks that show the relationships among
concepts. Such a network might be seen in the mapping of features of a rich, but
commonly understood, analogy to a target concept.
Placing analogies within the lesson may help clarify and introduce new material
(Radford, 1989). An example of new information being introduced in this study was the
cake analogy in which students mapped and transferred understanding of the raw materials
used to produce a new substance (cake) and the waste products (paper, egg shells) with the
product of cellular respiration (ATP) and the waste products (carbon dioxide and water).
A factor which may actually limit the effectiveness of analogies is the use of single,
‘one shot’ analogies. A simple analogy such as the cell is like a factory, is given without
further elaboration and the student is expected to make the leap in conceptual understanding
to develop an image of the cell’s structure and function. It was quite evident from analysis
of Student I’s analogy that more detailed discussion was necessary to aid in construction of
a new mental model. Had the simple ‘one shot’ analogy been given without elaboration, it
is doubtful that he would have made the next step in model development Or, the cell
analogy could have simply been given to the students as, “Think of the cell as a school.
You have different classrooms that are the different parts of the cell such as the Golgi
bodies. Then you have a central office that is the nucleus, and trash receptacles that are the
lysosomes, etc.” Compare this to the teacher saying, “Sometimes I think of the cell as a
school. Can you think of what parts the school has?” This line of questioning and support
was then used to have the students suggest parts of the school and possible corresponding
parts of the cell. This eventually led to a complex cellular model.
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Strategies suggested for analogies appear to enhance their effectiveness as a means
of constructing complex mental models. New understanding developed from analysis of
these strategies may suggest how to design or choose analogies for others topic areas.
Introducing analogies at strategic points in the lesson and using the analogy as a basis for
extended discussion and comparison appears to have supported mental model construction.
Conclusion. Conclusions on analogies will be summarized in three different
sections: findings about the nature of analogies in learning, hypotheses suggested about
important learning factors that arose from the analysis of the effect of analogies, and
analogies as instructional strategies with implications for teaching.
Findings were as indicated below:
1. There was evidence that analogies had a positive effect on students' mental
model construction (see Appendix H).
2. All students were able to produce guided mappings of analogues to target
concepts. The extent of these mappings, however, varied among students.
3. Most students were also able to generate their own analogies, some directed by
the tutor and some spontaneously.
4. Students understood the anchors (analog situations themselves).
5. All students were able to transfer features and functions from the analog to the
target concept. Students varied, although in the number of features and
functions they transferred.
Hypotheses that emerged from these findings include:
1. Analogies, both drawn and mapped by the students and/or tutor, appear to have
made abstract concepts such as the cell more concrete and available to the
students.
2. The concrete nature of the analogy may also have helped students to extend the
dynamic nature of the analogy and subsequently the dynamics of the target
conception.
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3. This, in turn, allowed students to use the new models to explain causal
relationships and gave new function to models.
4. Construction of complex mental models is fostered by the use of analogies.
Strategies suggested by this research include new views of analogies. Specific
strategies suggested appear to increase the effectiveness of the strategies in supporting
mental model construction and, therefore, have serious implications for use in the
classroom and in future tutoring cycles. These implications are directly supported by
the findings:
5. Making analogies visual. This includes having students draw analogs and
using concrete, hand-on realia as analogies such as the grapes.
6. Mapping features of analogies to the target by the student. Allow students
added opportunities to engage in mapping of structures and functions between
analogies and target concepts.
7. Using multiple analogies rather than single, one shot analogies. Providing
multiple, simple analogies that allow the student to construct new models in
small steps appear to increase the effectiveness of analogies.
8. Using student generated analogies. Teachers should allow and encourage
students to generate more analogies on their own to stimulate active participation
in mental model construction.
9. Using analogies to determine prior knowledge. Specific areas in this study of
respiration suggest that analogies provided a good source of both stimulating
and determining students’ prior knowledge and prior models. Using analogies
of cells prior to the microscope activity may enhance the effectiveness of this
hands-on activity. Also, determining prior knowledge and prior models of
particle theory before the diffusion activities would help the teacher to
understand the needs of the student.
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Hands-On Activities
Activities that allow students to manipulate real world materials were used at
strategic points in the Standardized Tutoring Cycle (Figure 30). It was believed that these
activities would both act as a source of dissonance (discrepant events) and also allow
students to better visualize concepts they were attempting to integrate into their mental
model. Hands-on activities allowed the student to build on prior models to construct new,
more scientifically accurate models. It was important, however, that hands-on activities not
be merely fun experiences that the students engaged in but that active construction of mental
models also be a vital part This has been previously referred to as hands-on, minds-on
situations.
Making Concepts Visible Through Hands-On Activities. The first activity was the
microscope activity. Throughout this activity students were asked to talk aloud and to draw
what they saw. Unfortunately, the majority of the students had difficulty with this activity
and it appears they did not benefit nearly as much as was expected. Only one student,
Student IV, was able to visualize cells in the microscope and to even conceptualize them in
three dimensions. The other students only were able to describe lines and dots in various
forms even though these same students, when asked to draw what they saw under the
microscope, drew exactly what was seen by the tutor, that is, circumscribed cells with
darkly stained nuclei. It appeared that they were unable to recognize the outlines of cells or
any distinct shapes but were distracted by the background ‘noise’. This noise just
represented the lines and dots. It is as if one looked at a brick wall and instead of seeing a
continuous stack of individual blocks, they merely saw the lines made by the mortar.
This reaction to the microscope activity was disturbing since it was believed that
this activity would stimulate an awareness that cells make up all tissue in the body and that
they are each three dimensional and contiguous in three dimensions. Even repeated
attempts to help students ‘see’ the cells only benefited five of the eight students. It became
necessary in two others to attempt to develop this understanding through analogy.
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Eventually all students held at least a basic understanding of the cellular structure of the
body as indicated by drawings at the end of the cell tutoring sessions. The disappointing
effects of the microscope activity, however, reaffirms my belief that demonstrations and
teacher designed labs do not necessarily aid students in constructing mental models. In
fact, students often appear to react very differently to phenomena than expected by the
teacher. This may suggest that lab activities need to be structured to build on existing
understanding of students and to provide necessary instruction and practice in the use of
laboratory instrumentation prior to the lab itself.
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Figure 30. Examples of hands-on activities used during the Standardized Tutoring Cycle.
Dissonance Produced Through Hands-On Activities: Breath Volume Activity.
Hands-on activities were used as discrepant events to induce dissonance and dissatisfaction
with a prior model and to support construction of new mental models. All students had at
least some difficulty in constructing a model of the lungs. The models generated by most
students did not provide efficient structures that could allow for the necessary gas
exchange, that is, a simple tube or a hollow, balloon shaped lung. To help students
recognize this deficiency in their own models and to begin developing alternative models
the tutor introduced the breath volume measurement activity. All students predicted that the
lungs would hold less air than they actually determined when they measured their own
lung capacity. This stimulated an investigation into what structure for the lungs would
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allow for this volume of air. Students had a variety of reactions and took differing amounts
of time to move from their initial model to a modified model.
Student I predicted three liters and found that he actually had about four in his lungs
on exhalation. When questioned how this could be if the lungs were just tubes as he had
previously suggested, he stated, “Yeah, you can get that much in the tubes. There must be
a lot of tubes all over the lungs.” He appears to have a beginning suggestion of the
bronchioles with multiple tubes. It became evident that he was struggling when asked to
explain further, he stated, “Well, it’s not the same air that you breathe in that you breathe
out is it?” While he is beginning to develop a more scientific lung model he struggles to
reconcile his first model, the one with the air going into a few tubes and out the other end
and directly into the blood vessel, with his new model with multiple tubes in a sort of
network.
Student II had two models for gas exchange. One had the air going directly to the
stomach and this being absorbed with the glucose. His other model had air going into
tubes that were the lungs. Similar to Student I, this student recognized some discrepancy
in the amount of air measured by the breath volume activity but struggled to find reasons
other than his suggested lung structure to explain it
T

It seems like you would have to have a pretty big tube to hold that (holds
filled bag of air up to self to compare).

Tutor attempts to encourage dissonance between the student's prior model and the results
of the breath volume activity by focusing the student's attention on the large bag of air.

S

Maybe the stomach or diaphragm has capacity for holding it. Or some other
organ.

T

I wonder though, if your stomach was holding all that air, where would the
food go?

Further dissonance is evident in the student’s reaction of pausing and searching for other
explanations.

S

Well oxygen could probably fit into some of the food.
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The tutor then attempts to have the student think about other alternatives to this
theory,especially since he has suggested another model, that of tubes.

T

Let’s go back to your other theory.

Another student, Student V, struggled also but had a different initial model of the
lung, that being like a balloon with vessels on the outer edges. He also predicted a smaller
amount on the breath volume measurement activity and was questioned about this.
T

I wonder where all that air goes.

S

Well that’s not oxygen in there (meaning in the measurement bag), it’s
carbon dioxide. The oxygen went into the blood stream.

T

So you are saying there is more carbon dioxide out here in the bag than
oxygen that went in?

S

No—probably the same.

T

If the lungs are balloon shaped and oxygen is picked up by capillaries on the
edges, what would happen to this air inside (points to middle area of inside
of balloon).

S

Guess that is why there are all those capillaries.

T

So are you suggesting the capillaries are closer to the center or only on the
edges?

S

Probably not in the center but closer in.

Student VI has a model similar to Student I except that she has a completely
different model for what happens to the carbon dioxide. Her model of tubes is constructed
in such a way that air can only move into the lungs and direcdy out the other end into the
blood vessels. After the breath volume activity, she was questioned about any discrepancy
with what she previously thought.
T

Is that more than you thought?

S

Yes.

T

Could you get all that air into those tubes (points to tubes student has
drawn)?

S

You just breathe and keep air in lungs? Maybe it spreads out between the
tubes.

With these students, and others, I hypothesize that the hands-on activity provided
enough dissatisfaction on the part of the students to allow them to be open to trying out
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new structural models of the lungs. Through the use of probing questions the tutor was
able to help the student to continually reassess their suggested models.
Then I introduced another hands-on activity that added both dissonance and
construction. This is referred to as the surface area activity. It involved having the student
construct their model of the gas exchange area of the lungs with sugar cubes. Students
were then asked to explain and show on their model where the air was exchanged, that is,
how it moved from the tubes into the body. Students were directed to count the number of
surface areas, open sides of the sugar cubes, through which air could move. When the
students showed oxygen coming out of the end of a tube (Students I,

n, and VIII), the

tutor encouraged the student to see if they could come up with another possible way the
sugar cubes could be arranged so that more air could be exchanged through a greater
surface area.
WTien students showed air moving into vessels from around the outside edges of
the balloon shaped lungs only (students HI, V, and VII), the tutor used solid block of
sugar cubes and had the students compare the surface area of the block to the same number
of individual cubes. This stimulated the student to think about other possible structures. In
both cases, students were then encouraged to try arranging the single cubes in a variety of
ways that might simulate the internal lung structure. The way students completed this task
varied but all were able to suggest a network of tubes made by the sugar cubes. Student I’s
protocol provides an example of this process.
T

Think about surface area. Is there any other way you might have the made
up of multiple small cubes)

S

Yeah, you could make a layer on the bottom and sides.

T

W^hat if I gave you separate cubes?

S

Yeah, if you had these spread apart it would have more surface area. (Cubes
still in a tube shape but arranged on edge so two sides were up)

T

Is there any other way you could make this besides like a tube that would
give more surface area?
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S

(Tries a few different configurations, solid block, tall stack. Begins to get
frustrated) I don’t exactly follow.

T

When you blew up the bag, it held a lot more air than the tube type lung
suggested. So I am going to suggest that maybe we need a different kind of
look for this lung to get more room for air to come into body.

Tutor attempts to make a connection between the current activity with the cubes and the
previous activity with the breath volume bag. This supports central model focus and
continuity, assisting the student to build an increasingly more complex model.
S

Maybe like a system?

T

OK, maybe it needs to look a little different

S

(Rearranges sugar cubes to increase surface area. Cubes barely touching
each other at an angle and in a kind of network of branching tubes).

T

OK, so now you have-

S

A system!

The student still does not have the air sacs included in his model but is progressing in that
direction by inventing and recognizing geometric configurations that would provide
increased surface area. Most students were able to do this. He also appears to have had an
‘ah-ha’ experience when he suddenly sees a more detailed system that he has formed,
where before he had only a tube.
Model Construction Through Hands-On Activities. In order to stimulate more
detailed construction of the lungs, students were presented with a hands-on analogy, the
grape activity. This activity was actually a combined analogy/hands-on activity. It was not
introduced until after students had engaged in the breath volume activity and the sugar cube
activity and constructed a plausible structure for the lungs themselves. This was based on a
belief that it was important to allow students to develop their model as far as possible prior
to suggesting a new model. It was hoped that this would prevent mere verbal acceptance of
a teacher suggested model or analogy without actual integration into the students’ own
models. Use of grapes as a model of the bronchioles and alveoli may present a concern for
some educators as it is not a close structural match. It was determined that the strength of
the likeness between the basic geometrical structure of the grape cluster to the lung structure

4
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would be sufficient to allow students to continue building on their lung model and not
impede transfer. This, in fact was successful as indicated by the students’ ability to
transfer the grape model to the lungs when they viewed the freeze-dried lung, as reported
earlier in the analogies section.
Students were given a bunch of grapes and asked, “What if I suggested that the
structure you have made with the cubes is actually like a bunch of grapes?” Students held
and investigated the grapes and gave several different reactions. They stated,
Student II

They would be interconnected through a system of thin tubes but at
the end would have things that expand by themselves. They would
have the surface area that covered a whole series of this (indicates
grapes and branches) instead of just a pipe.

Student I

Yeah, oxygen would come in here (indicates top of branch) and go
to sacs. But there is still more room if air released from
everywhere. (Student is holding on to idea of air exchange
occurring through bronchioles also because this would increase the
total area for exchange).

Once an explanatory need was established for greater surface area, all students were
able to incorporate a grape-like structure into their model of the lungs. This appears to be
another example of an analogy fostering spatial structure, here in concert with a hands-on
activity. An example is presented by Student Ill’s progression through mental model
development of the lung structure as depicted in Figure 31. This example is especially
important as it provides evidence of building on preexisting conceptions of students to
construct a more scientific model. Student Hi’s initial model of the lungs as balloon shaped
with an open center and ‘vessels’ around the inside edges is on the left at (A). The
‘vessels’ as the student calls them move air from the inside of the balloon shaped lungs
toward the blood stream. After the breath volume measurement activity, she increases the
tubes in the open area of the balloon lungs.
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Figure 31. Student El’s progression through mental model development of the lung
structure.

Following this, the tutor introduces the sugar cube activity and Student El is
gradually able to restructure the tubes into several fan shaped configurations to supply more
space for air to enter the lungs rather than having the ‘vessels’ act as places to pick up air
from the open center. This structure more closely resembles the actual structure of the
lungs with bronchi and bronchioles. The grape analogy is then introduced and the student
adds air sacs at the ends of her fans. The drawing (B) shows her initial concept of tubes
and air sacs. Later she refines this model and states, “Air would go through the stem (tube)
into the grapes (air sacs).”
Student El begins with a preconception of balloon shaped lungs and through
introduction of several hands-on activities is able to modify/build on this preconception to
construct a more scientifically mature mental model. Further model development was
encouraged through follow-up of the previous grape analogy by a hands-on activity using
real pig lungs.
Once students had a model of the inside of the lungs it was then appropriate to
extend that model through examination of real lungs. It is important to note that previous
viewing of the lungs was intentionally omitted so as not to suggest more alternative
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conceptions in the minds of the students. It is believed that once students had established
an explanatory need for the internal structure that closely resembled a scientific model, it
would be possible for them to look at the whole lung from the outside and better imagine
the inside, microscopic structure. Seeing the lungs first could have merely reinforced an
alternative conception of the structure because there is no reason from an outside view to
consider that the lungs did not look like a balloon inside or just a tube covered by a thick
lining.
The examination of the lungs produced many surprised reactions. When
questioned about their reactions students said.
Student I

Ah, so cool!! These are all air inside it Maybe what I am touching
are the little air sacs!

Student II

Is that a real lung?!! It feels strange like rubber. Like one of those
big beach balls... It’s like a thick layer but space inside.

Student IV

Oh, wow!! The walls actually expand just like a sponge. They get
huge. Wow! Still somewhat solid but so porous.... I would never
think this could expand just looking at it. So the alveoli are actually
in here (meaning inside the lung) so we can’t see them.

Student VI

Not like I imagined - just spread out.. I never thought
of them as meat-like. But I don’t see the sacs, why?....Pictures
in books are just two dimensional and no color so hard to imagine.

The final hands-on activity consisted of students’ investigation of a freeze dried
section of pig lung. This was intended to help them bridge the external view of the lungs
and the constructed model of the interior of the lungs. Students were able to actually see
tiny alveoli and larger holes where the blood vessels and bronchioles went through the lung
section and were then able to connect them to models of lung structure. Again, students
were asked to describe what they saw to determine whether they could make a connection.
Student V

I guess they (small holes) are alveoli.Reminds me of bread fibery substance with air spaces between. The holes are air
spaces.... I knew there were a lot but I thought there were fewer.

Student I

I see little air pockets - can squeeze it a little bit. Maybe the little air
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sacs are the last thing you see in the lung.
Student in

There’s little holes, small veins. Like Styrofoam or shells...Now

I

think there are little parts that exchange air. There are more places
not like space that isn’t used.
The main function of this activity appeared to be the refinement of the students’ concept of
size and number of structures (alveoli and vessels) and the connection between the model
(grape cluster) and a real organism.
Conclusion. Hands-on activities were not used to simply provide a single
discrepant event that eventually would lead to a new model. A series of hands-on
experiences included the use of real world objects that acted as analogies, models, and the
actual objects studied (lungs). In addition, careful attention by the tutor was necessary to
recognize each student’s model at any one point in time so as to make optimal use of the
activities. Additionally, hands-on activities were used both to induce dissonance in order to
cause dissatisfaction in students with their prior model and to support construction of a new
mental model. It appears that hands-on activities, in combination with other strategies,
promoted the construction of complex concepts of respiration, especially in the area of
pulmonary structure and function. The final models that students developed all showed
complex structure and function even though they began with different models of the
pulmonary system, some having hollow, balloon shaped lungs, and some simple tubes for
lungs. I have hypothesized that the hands-on activities provided enough dissatisfaction to
allow students to try out new structural models of the lungs.
The sugar cube activity allowed students to invent and recognize geometric
configurations that provided increased surface area. All students were able to suggest a
network of tubes after working with the sugar cube activity. Hands-on activities combined
with the grape analogy particularly helped students to visualize the internal structure of the
lungs. Once the need for surface area was established by the sugar cube activity, all
students were able to incorporate the grape-like structure into their model. With the
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introduction of the pig lungs students began to have a more holistic, as compared to
microscopic, model of the lungs that included dynamic functioning.
The freeze dried lung section investigation appears to have helped most of the
students make a connection between their model and an actual organism. Students were
able to see tiny alveoli and larger blood vessels and then transferred their model developed
from the grape activity to a more refined structure. This progression of hands-on activities
provided support for all students to engage in guided co-construction of new mental
models. All students were also able to describe dynamic causal relationships (to varying
degrees) after the hands-on activities that led to transfer from the models to the actual
organic structures suggesting that the use of multiple hands-on activities in a series may
better support construction through many mini-construction cycles.
Computer Animations
The type of visual aid may have an effect on the student’s ability to construct mental
models. Static visuals often fail to provide students with the dynamic nature of many
science processes but it appears that computer technology may be able to provide dynamic
visuals in three dimensions allowing for more details of behavior and interactions
(Williamson & Abraham, 1995). The computer visuals and animations used in this study
were chosen to enhance student visualization of complex processes that could not be
viewed in actuality as they occur in the body (Figure 32).
It was evident from student responses that although they had all studied the cell in
school none had a conceptual understanding of the cell as a functional unit making up the
body but only as a vague, isolated unit. Several students stated that they had been given a
drawing in school and told it was a cell. They were then told to fill in the names on
different parts. While more detailed teaching about structure and function may have
occurred, students apparently did not remember these pieces. To avoid this type of static,
limited understanding, computer animations were used in this study to provide a suggested
model that the students could manipulate and compare to their own models (Figure 33).
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While animations were occasionally used to suggest another model, they were never
presented with an animation before their own mental model was elicited, drawn, and
discussed. It was believed that this produced a situation where the student could criticize
and revise their model based on need rather than expecting the student to simply accept a
new model because it might be more scientifically acceptable.
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Figure 32. Computer animations used in the Standardized Tutoring Cycle.
Participants all came with some simplistic image of a cell although none had actually
seen a human cell. Even after the microscope study the students had seen only the cell
membrane surrounding groups of cells and the darkly stained nucleus. Because it would
necessitate a very powerful microscope to visualize the other cell components, it was
necessary to help the students develop a mental image of what the inside of a cell might
look like in order to begin thinking of function. The computer animation of the cell and
mitochondria were used for this purpose. Students first compared the computer picture of
a cell model to their own cell drawing (this was done after the school analogy). At this
point students had already developed an explanatory need for energy within the cell and had
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developed their own model of how this might happen within the mitochondria and were,
therefore, prepared for the demonstration. The students’ model was determined to have
developed as much as possible without further intervention. Through introduction of an
animation, students could then view the mitochondria of the cell actually functioning.
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Figure 33. Example of computer animation program used to aid students in construction of
a model of the cell.

Redirecting and Focusing Attention. Several students often began to veer off in
unproductive directions in their attempts to further develop a model. It was at these times
that introducing an animation helped to draw them back on course and to extend their model
in other directions. Student V did this when he was trying to construct a deeper model of
ATP production in the cell. He had been introduced to the fire analogy to help him put
together what components the cell might need. He then began to move away from the
central idea as illustrated in his discussion of the role oxygen plays in burning.
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S

Oh, yeah, you also need oxygen. Fire eats oxygen. Fire breathes—no, not
breathes, but uses.
(When asked by the tutor to explain what he meant). If you’re ever caught
in a burning room you are going to die because it sucks up the oxygen. It’s
like a vacuum.

T

(Recognizing this line was probably not helping the student develop a model
of ATP production from glucose and oxygen tries to pull the student back
on target) So what might you need to bum in the cell?

S

I have no idea.

T

Do you think we would need a fuel like the fire?

S

Yes

T

So what we need to figure out is what that fuel is and how it bums.
(Suggests that they look at an animation of the mitochondria producing
ATP).

Stimulating Recall of Prior Conceptions. Students bring with them to the animation
their own preconceptions and experiences that are intimately involved in how they interpret
what they see. Research has shown that high experience learners who are presented with
animation and narration successively rely on long term memory to retrieve relevant
knowledge as they listened to the narration ( Mayer & Sims, 1993). For this reason,
students were exposed to the animation first as a still picture. They were asked to describe
what they saw and how this related to their own drawings. When Student V saw the still
picture of the mitochondria showing arrows and the names of raw materials he had an ‘ahha’ experience. Just seeing the words triggered something from previous experience and
helped him make the leap that he was snuggling with in the previous interaction.
S

Yeah!! Glucose and oxygen go in and carbon dioxide and water go out!
That’s like respiration!
Glucose!! That’s it. Plants use photosynthesis to go from sunlight to a
sugary substance. Then that provides energy!

He was then able through probing questions to move from what he knew about the plant
cell to an animal cell and to decide that because animal cells couldn’t produce their own
glucose they must get it from food the animal eats. He also adds to his drawing the glucose
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entering the mitochondria with the oxygen and the carbon dioxide and water leaving. It
appears that the static pictures may have stimulated prior knowledge, allowing the student,
then, to be better able to make connections between his prior and the new information
presented during the narration and animation. Students’ ability to incorporate and utilize
the animation varied depending on prior knowledge. That is, those students who
possessed more prior knowledge of the cell were able to more quickly develop a new
mental model based on the animation. Other students required more probing by the tutor
and use of analogies intermixed with the computer animation. This is depicted in the
graphic representations in Appendix H.
Visualizing Supported bv Computer Animations. Use of computer animations
allows for dual processing of verbal and visual information. Visual aids have been
suggested to help in concept understanding (Cantu & Herron, 1978; Holliday, 1975;
Talley, 1973; Williamson & Abraham, 1995). Simply presenting an animation in its
entirety and expecting that the students understand the animation, accept what the animation
presented, and then are able to integrate this into their current mental model, or more
drastically, give up a present model for the one presented in the animation, may be
unrealistic. Another strategy used with the computer animation was that of tutor dialog
along with the animation rather than using the dialog that came with the animation. In some
instances, particularly those animations that showed complex concepts, it was more
effective to break the information up into smaller segments through stopping the animation
periodically and asking probing questions. This appeared to allow the students time to
build on to their model or make revisions as they found necessary. Often when students
watched an animation all the way through without tutor input, the students appeared to
interpret the information differently than intended by the animation, leading to alternative
conceptions. Student II did this with the animation of digestion.
S

All waste is in the form of bile. The enzymes break down these wastes. It
goes to the gallbladder—
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T

(Re-shows segment and directs student’s attention to the path of the food
and the action taken on it). Where does the food go?

S

To the stomach and then the small intestines.

T

(points out gallbladder and pancreas). Can you see here that the pancreas
and gallbladder are putting enzymes into the intestines?

Integrating a Model. Computer animations were also used to help students integrate
various parts of models that they had constructed, that is, to develop a connected series of
causal relationships and mechanisms. Student Vm was asked to describe her model of the
circulatory connection to respiration after viewing the A.D. A.M. animation of circulation
and nutrient exchange. She had discussed multiple segments of this same concept
previously but had not yet put together a coordinated explanation. Therefore, it is not
apparent whether she has a complete model yet. Through her discussion at this time it can
be determined whether she has an integrated understanding, whether alternative
conceptions still exist, and where more instruction is necessary.
T

Okay, so now do you have a picture of what the whole system looks like?

Tutor asks the student to explain her model This provides a source of assessment for the
tutor as well as an opportunity for the student to verbalize the model, possibly making it
more coherent to herself
S

Okay, well the blood from the heart is going through the arteries to the cells.
And it’s coming back, I mean the arteries and the poor blood that has
already been used or has already carried goes back to the heart through the
veins. Well, not back to the heart but back to the lungs to get more oxygen
to go back... there are these capillaries that are there for absorption so that
blood can go through them and carry the oxygen to the cells. It (blood)
goes through the capillaries.... the oxygen and glucose go through the walls
of the capillary and enter the cell.

The student has some problem with the circulation of blood back to the heart and then to the
lungs but has already established a need for pulmonary circulation. This is not the case
with most of the students and presents an important piece of information on which the tutor
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can later build. The student does, however, have a good understanding of the role of the
circulatory system in transporting glucose and oxygen to the cell.
Conclusion. In summary, the use of computer still pictures and animations appears
to have aided all students in developing a complex system of respiration. This is evidenced
in the analysis and graphic representation of changes students made in their models
following the animations (see Appendix H). It is difficult, however, to easily isolate the
role of the computer animations that were most often used in combination with other
strategies or as a follow-up to other strategies. Use of computer animations appears to
have served several specific functions which are seen in the protocol and drawing analysis
but these must be taken as preliminary hypotheses. Specific instances were noted in the
protocol where animations appeared to
1. Help redirect and focus students’ attention in specific areas;
2. Help students visualize what is not readily seen;
3. Allow students to add action into an otherwise static view of the cell and thus
extend their own model;
4. Stimulate recall of prior conceptions and transfer of concepts to mental models
being constructed;
5. Help students integrate various parts of models that they had constructed, that
is, to develop a series of causal relationships and mechanisms.
In addition, certain strategies in using computer animations were found to be
particularly beneficial. I hypothesize that these techniques helped students to construct new
mental models:
1. Tutor and student dialog along with the animation;
2. Breaking up the animation into smaller segments.
Computer animations also proved troublesome in certain instances. Some of the
animations were not detailed enough, expecting the student to fill in structures and
relationships that were not shown. This was particularly difficult if students processed
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limited prior knowledge in those areas. The speed and narration supplied by the animations
and lack of control of the animation sequence on the part of the student was also a
drawback. Further limitations will be discussed in more detail in the section on Pitfalls and
Hurdles.
Combined Effect of Multiple Strategies
Multiple strategies including analogies, hands-on activities, and computer
animations all contributed to small, ‘mind size’ changes in mental models and many
revision cycles. These small steps were consolidated via drawings. This consolidation
helped students maintain central model focus and continuity so that the small model
changes built on one another gradually leading to the construction of a complex mental
model of respiration (Figure 34).
Form of Student’s Mental Model at the End of Each Major Stage of Instruction
The participants’ initial mental models of respiration at the cellular level as well as
integration between the organismic and cellular levels and between the pulmonary,
circulatory, and digestive systems were analyzed and coded for characteristics of dynamics,
function and structure, integration, and causal relationships (Figure 35). No student held a
complete, integrated understanding prior to the tutoring interviews although two students
did have some notion of a relationship between the systems of the body. All students drew
simplistic models of cells and of systems, often involving many alternative conceptions as
discussed previously. Other commonalities included the static nature of the participants’
models, most often showing some minimal structure without expressing any dynamic
relationships or actions. In addition, none of the students indicated any causal relationships
in their initial respiratory models.
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Teaching Strategies

^ Strategy

^ Model Construction _^ Features of Student’s

Characteristics

Process

Model Enabling.
Transfer to Post-test

Analogies

Hands-on Activities

Computer Animations

quick anchors
small
multiple
visual
mapping
far
induce dissonance
small steps
concrete
geometric configurations
visualize internal
structures
dynamic functioning

Small mind-size
changes in model
Many revision
cycles
Central model
focus and continuity
maintained in drawing
or imaging

w*

Complex model

visual and verbal

small chunks
redirect and focus
>
add action
/
stimulate recall /
.
transfer
/
+
lfTtEgrdtd'
/
Consolidated via drawings /

•

Figure 34. Complex mental model construction through the use of multiple strategies that
are consolidated through the use of drawings and supported through small changes in the
models which undergo many revision cycles. The final complex model enables students to
transfer understanding to the application problem in the post-test.

Students in this study all held a beginning notion of the cell as an isolated entity
with a variety of internal parts. The degree of functionality given to the cell varied from
student to student and most often based on a picture they were given of a cell in seventh
grade. In fact, it appears that students’ held dual models of cells developed from prior
learning experiences. This was apparent in the comments of one student who had just
drawn a circular cell with irregular bodies inside and then when asked to describe what the
body was made up of he said cells but described them very differently than the first model.
When asked to describe the second model and tell where it had come from, the students
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stated, “...like a long thin pancake, pink. I don’t know what the wavy lines are... I just
saw a film in science.” In another instance when asked where the circular model
originated, a students stated, “..my science class. They just handed us a drawing and said
this is what a cell is.”

Key for Figures 35,36,39:
S = average to above average structures

s = minimal structure

according to target concept identified in learning pathway
F = average to above average function

f = minimal function

according to target concept identified in learning pathway
Student

Static/
Dynamic

Causal
Non-causal

Structural/
Functional

Student I

static

non-causal

Student II

static

Student III

s

Integrated:
organismic and
cellular
between systems
no integration

Initial Level
(Human
Respiration
Framework)
IIA,C

non-causal

s/f

no integration

IIA,IIIC

static

non-causal

s

no integration

IIA,B,C

Student IV
Student V

dynamic
static

non-causal
non-causal

S/f
s

Minimally integrated
no integration

IVA, IIB
HA

Student VI

static

non-causal

s

no integration

IIA.B.C

Student

static

non-causal

s

no integration

I

Student

static

non-causal

s

some integration of
systems but not to cell

IIA,B,C

vn

vm

Figure 35. Model of respiration at beginning of interview (includes model of cell,
pulmonary, circulatory., and digestive systems).
Participants were assessed after the tutoring interview on cells. The intent at this
time was to determine what possible changes had occurred as a result of the Standardized
Tutoring Sequence which had up until this time centered on two major concepts: (a) the
body is made up of contiguous cells, and (b) all cells have certain properties and functions
in common, one of which is to produce ATP for energy used by the cell to cany out a
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variety of jobs. The assessment consisted of verbal probing questions, drawings, and a
diagram the students were asked to complete (see Appendix H).
Results indicated that there was a dramatic transformation in the mental models
students described prior to the tutoring interview on cells and after the interviews (Figure
36). This included a marked change in models from static to dynamic. At this time,
students no longer described the cell as just a simplistic structure without function, but
described complex interactions occurring within the mitochondria of the cell. Most
students used drawings and arrows to show the raw materials entering the cell, undergoing
a chemical change, and then the release of products and by-products of the cell. One
student wrote the description out using only words (Figure 37). Another student, Student
VII, had a more limited understanding as depicted in his drawing, showing less structure at
the tissue and cellular level although he did show understanding of ATP production in the
cell (Figure 38).
When the drawings were discussed, six out of eight students discussed causal
relationships in which certain cells would need to produce more ATP for energy reserves
and would require an increase in oxygen and glucose. This understanding of causal
relationships within the cell then provided an explanatory need within all of the students for
a mechanism to supply oxygen and glucose to the cell and to take away. Explanatory need
was induced in the other two students through probing questions and scaffolding that led
them to suggest causal relationships during the following interview.
Assessment at this mid point provided not only a measure of what students knew,
but also a guide for the tutor to introduce more scaffolding for students who did not
naturally suggest interactions on their own. As stated previously, when students had a
limited view of a cell with little or no function ascribed, they did not appear to have a need
to make further connections between the cell and body systems, to suggest possible causal
relationships, or to question inconsistencies in their mental models of a cell. By the end of
the final tutoring interview, all students possessed a complex mental model of respiration
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that was dynamic, causal, had structure and function, and showed integration both
organismic to cellular and between systems and cells. Students differed in the amount of
causal relationships and integration they included in their final model.

Student

Static/
dynamic

Causal
Noncausal

Structural
and/or
Functional

Student I

dynamic

causal

S/F

Student II

dynamic

causal

S/F

Student III

dynamic

non
causal

S/f

Student IV

dynamic

causal

S/F

Student V

dynamic

causal

S/F

Student VI

dynamic

causal

S/F

Student VII

dynamic

non
causal

s/f

Student VIII

dynamic

causal

S/F

Integrated:
organismic and
cellular
Pulmonary Circulatory Digestive - Cellular
integration
organismic to
cellular/ not systems
integration
organismic to
cellular/ not systems
minimal organismic
to cellular
integration
Integrated model of
organismic and
cellular levels and
between systems.
Integrated model of
organismic and
cellular levels
(interesting
comments about
viewing cells)
Integrated model of
organismic and
cellular levels.
Minimal integration
of organismic and
cellular levels.

Level

Integrated model of
organismic and
cellular levels and
inter-systems.

rvc

IVC

rvc
rvc
IVC

rvc

IVC

IIIC +
(several
misconce
ptions)

Figure 36: Model of respiration at the mid-point of the standardized tutoring interview
cycle (cell only).
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Figure 37. Student II’s integrated organismic and cellular model after the tutoring
interview on the cell.

Figure 38. Student VII’s model after the tutoring interview on the cell showing less
understanding of the organismic to cellular integration.
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For a model to be considered to meet the minimal level of understanding as
indicated by the learning pathway in the Framework of Human Respiration, a Student
model at the end of interviews should include the following elements:
1. Integration of organismic and cellular levels, as evidenced by drawings and
discussion, of tissues making up systems and cells making up tissues.
2. Integration of systems (pulmonary, circulatory, and digestive) to supply
essential elements to cells and remove wastes. Dynamic model of the systems
and cells all having effect on production of ATP in response to body’s need.
3. Cause/Effect relationships (at least 2) between systems and cells and within
cells.
4. Structures described at least at Level IIA,B, and IVC.
5. Function described for systems and cell that includes mechanism for production
of ATP within the cell and how systems function together to supply the raw
materials for this process.
Evidence for success in mental model development is provided by the ability of
students to discuss and draw their models at the end of the tutoring sessions but prior to the
post-test. Although none of the models are perfect according to an expert explanation, the
statements indicate not only the new mental models students possess but an evaluation of
how their model has changed in response to the tutoring sessions.
Student I stated,
“...lungs with alveoli and capillary bed - diffusion of oxygen into blood stream and
carbon dioxide into alveoli and out of body. Oxygen in blood goes to cells.
Vessels from lungs get bigger and then smaller (capillaries) at cells. Arteries from
intestines - glucose diffuses into artery and moves out to cells through artery....
Oxygen and glucose used by the cells (all cells including those in lungs) to produce
ATP for energy needs of cell....So the blood gets pumped from the heart to the
lung first to get oxygen so if you don’t have lungs then you can’t breathe and there
is no oxygen for the heart to pump.... heart always beating so need to continue
producing ATP. Cells produce extra ATP to store for when extra is needed.”
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Student II stated,
“ air goes into the lungs then into vessels running through lungs and C02 out same
way. The food comes into the stomach where it is digested then picked up through
‘curved things* (villi) with blood vessels in them which catch nutrients. Nutrients
are carried in blood stream, along with the oxygen already in there, to capillaries.
Oxygen and nutrients go into cell and ‘bad wastes’ come out into blood stream.
There are two tubes, one to lungs and one to stomach - two systems. ATP is made
in the cells from glucose and oxygen and stored until needed by cell for energy.”
Also states, “I had pictured lungs like long tubes but now I see that they are shaped
differently and so they can carry a lot more air... less lung means less air
capacity.... A decrease in fuel (CHO) or oxygen causes a decrease in energy
production.”
Student in stated,
“..breathe air into lungs then it goes into veins to the heart Red blood cells with air
and CHO go to cells through arteries. There they diffuse into the cells and carbon
dioxide moves out into veins and back to lungs. When eat food goes to stomach
and then intestines, through villi into veins to heart to vessels to cells to make ATP
for energy. If not enough oxygen or food, then use up stored energy and get
tired.”
Student IV stated,
“Oxygen into lungs, into the alveoli and then into the blood stream. Alveoli only
one cell thick. Oxygen is absorbed by corpuscles move through blood vessels to
the cells. Food goes to small intestines where villi absorb glucose broken down by
the intestines into blood stream. Blood vessels are interwoven around intestines
and glucose moves from area of high concentration in intestines to area of low
concentration in the vessels... veins to heart then out to all cells. When pass by
cell, oxygen and glucose leave blood and enter cell. Blood just a carrier. At cell
essential to have both oxygen and glucose to produce ATP for energy...Now I
know energy is produced in all cells in mitochondria before thought just in lungs.
If exercise you would increase the storing capacity of mitochondria. When exercise
muscles get sore, tired. This is body’s feedback mechanism. Breathe faster and
heart speed up to get more oxygen to cells.”
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Student V stated,
“...oxygen goes out of the alveoli into the capillaries to bigger vessels to the heart.
Blood goes to the lungs first to get oxygen and then is pumped to the rest of the
body. Oxygen comes in with each breath and carbon dioxide out. In the cells
glucose from the intestines and oxygen from the lungs are used to make energy so
you can function like exercise, think, move. The brain is made up of cells so they
probably need the same thing.”

Student VI stated,
“..oxygen goes down throat into lunges where the tubes break down into smaller
tubes then into alveoli. Then the capillaries pick it up and it goes through veins to
the heart then into the whole body. Cells all around the small blood stream.
Carbon dioxide gets exchanged in reverse. The oxygen is needed for cells to make
ATP to get energy to do things like moving, using muscles. The cells are actually
using the energy. Now I know the process of oxygen getting into the body so the
cells can use it and before I didn’t.”

Student VII stated,
“Lungs take in oxygen then goes to blood vessels. Blood takes oxygen to cells to
produce energy. Carbon dioxide and water formed from the oxygen and glucose
when it gets to the cells. Sugar was from food into stomach through another tube
than went to lungs. Eventually they both end up meeting each other.”

Student VIII stated,
“ ...when breathe in the oxygen goes into the air sacs, into the capillaries, and the
oxygen gets into the red blood cell and the red blood cells go around. Around to
the heart. And then it goes out the artery and circulates in the body and goes to the
cells. The oxygen enters the cells along with the glucose. Eating provides the
glucose. Breaths get oxygen to the cells to create energy.” (Figure 13, page 66 is
Student VIII’s final drawing showing this integration).
As indicated in Figure 39, Students I, IV, and V exceeded the minimal requirements
when it came to causal reasoning. These students were able to suggest more causal
relationships and logical reasoning throughout the tutoring sessions. Examples of causal
and logical reasoning are the following:
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Student V - at first had said blood went into tissues but later changed it to just the
oxygen and glucose. States, “..because unless we get a transfusion, we don’t get more
blood.” And “If blood goes in (into capillary) oxygen rich and comes out oxygen poor,
then must be depositing oxygen in tissues.”

Student IV - “In order for things to be sent out of the cell it would have to have a
semi permeable membrane.” “...both oxygen and glucose seem equally essential but you
don’t need to eat as often as you breathe. So air is only stored while breathing in but when
we eat nutrients must stay longer and are released slowly. So body has a better capacity to
store nutrients than oxygen.” “...your body needs more oxygen so you breathe faster and
the heart rate speeds up.”

Student I - “A decrease in ATP would mean an increased need for oxygen and
glucose so start breathing harder and faster to get more oxygen.” At first puts blood vessels
a distance from the intestines but later recognizes need to change this. “..If vessel closer to
the intestines it (glucose) would go directly from intestines to the vessel. This is more
efficient, more direct.”
Other examples of causal reasoning were used by all students such as “if in a race,
need more oxygen and glucose to make energy; if not enough you use up the stored ATP
and muscles get tired.” In another instance when asked why it might be important for the
capillaries to be close to the cells, stated, “...if cells were far away it would take longer but
if right by the blood stream, then when oxygen and nutrients are supplied, it would
instantly arrive at the cell.”
In conclusion, there is evidence that mental models of all students underwent
positive change over the course of the tutoring sessions. Evidence was also found in the
case study transcripts for the following conclusions. (1) Most students began with
simplistic models of respiration and none had an integrated organismic and cellular model.
(2) At the conclusion of the study, all students had developed complex mental models of
respiration at or above the learning pathway originally identified as the target. This
included a mental model that was structurally and functionally complete at the target level,
integrated at the organismic and cellular levels, as well as integrated between systems and
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becoming more dynamic. Many students suggested causal relationships beyond those
explicitly requested.

Key:

CAUSAL = student suggested more causal relationships and a higher level of
logical thinking than expected to meet the minimal target concept
causal = student suggested minimal causal relationships

Student

Static/
Dynamic

Causal
Noncausal

Student I

dynamic

CAUSAL "S7f

Student II

dynamic

causal

S/F

Student

dynamic

causal

S/F

Student

dynamic

CAUSAL

S/F

Student V

dynamic

CAUSAL

S/F

Student
VI

dynamic

causal

S/F

Student

dynamic

causal

s/f

Student

dynamic

causal

S/F

m

rv

vn

vm

Structural/
Functional

Integrated:
organismic and
cellular
Pulmonary Circulatory Digestive - Cellular
integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems
moderate integration
organismic to cellular
and between systems
integration
organismic to cellular
and between systems

Level
(Human
Respiration
Frame-work)

IIIA.B, IVC

IVA,B,C

IIIA.B, IVC

IVA.B.C

IVA.B.C

IVA,B,C

IIIA,B,IVC

IIIA.B, IVC

Figure 39. Model of respiration at end of interview (includes model of cell, pulmonary,
circulatory, and digestive systems).
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Formative Analysis
Specific Criticism of Teaching Strategies and Recommendations for
Revision of the Instructional Sequence
I have identified six major pitfalls and hurdles that appeared during the Standardized
Tutoring Cycle and that may be inherent in teaching strategies as well. It is important to
delineate these hurdles, not only to assess and improve the current research, but also for
possible generalization to other teaching strategies. Following the description of the
hurdles, I will suggest possible recommendations for dealing with these issues in follow¬
up tutoring cycles.
Concept of Model
In the initial “Give an example of a model” task, most students did not draw or
describe the concept of a model beyond the idea of a replica of real world objects. The
majority of students drew a small replica of a car to indicate their concept of ‘model’, while
two others drew a replica of a plastic human body. None of these models represented
concepts, none were dynamic, and none could be used by the students to show causal
relationships.
Since models are used extensively in the sciences, this could present a major hurdle
for students. This suggests that it might be important to spend time first developing the
concept of different types of models, their uses, and the use of multiple models for one
domain. This means introducing the students to what models are, how models differ both
in style and use, and how models are used in science to represent understanding. Caution
should be taken, however, not to introduce a model for a concept before students are ready.
That is, students may need to move through the stages described by Grosslight et al.
(1991) and Carey et al. (1989), in which students move through levels. The most naive
level expresses a belief by students that models are simple copies of reality, while the
highest level of understanding, the one most often held by experts, includes the belief that
the model is constructed for developing and testing ideas rather than as a copy of reality.
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Therefore, the instruction may need to include activities that scaffold the student through
stages of model development in order to allow students to construct a mental model of the
concept ‘model’.
While it was established in the pilot sessions that time was needed to investigate
students’ understanding of models, sufficient time was still not built into the final
standardized tutoring cycle. A moderate amount of time was spent on the concept of
models at the beginning of the Standardized Tutoring Cycle but it was necessarily limited
by time constraints of the study and more time and depth of study should be considered
before the next cycle.
Mapping Analogies
When using the school analogy it is important to guide what students map to
various structures. When students used wires to describe the connections between ‘rooms’
in the school, they had more difficulty developing a model of the function of the
connections within the cell. One student said the Endoplasmic Reticulum was actually
nerves which suggested not only a flawed model of what the size of the cell was but also
that the connection was electrical. It appears that by allowing the student early on in the
school analogy to use wires instead of hallways, the tutor may have actually fostered the
development of an alternative conception. In addition, it may introduce an error in that
molecules in cells do not always follow pathways analogous to hallways or wires.
While it was in the area of the school analogy where alternative conceptions
appeared to develop out of the teaching strategy itself, it is likely that this could occur
during any of the strategies. This requires that the teacher be acutely aware of the mental
model that the student is developing. Repeated student drawings, descriptions, model
explanations, and student generated analogies are all tools that the teacher can use to
develop an understanding and his/her own mental model of what the student knows and
how the student represents this understanding. While not all alternative conceptions can be
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averted, it is possible for the teacher to develop early interventions and possibly different
pathways of instruction that will reduce the fostering of misinformation.
Microscope Difficulties
Students had difficulty in general with using the microscope. While it was
technically difficult for some students to use the microscope and to become comfortable
with its use, it appears that the real difficulty was in how students interpreted what they
saw under the microscope. Only one student was able to describe cells under the
microscope in the same way they were seen by the tutor and to describe what he saw in
three dimensions. While other students appeared to draw what was under the microscope
correctly (that is, similar to how the author would draw) they did not see cells but lines,
dots, and spaces. Students did not appear to be able to differentiate forms from
background ‘noise’ or to see structures. It is possible that they could not conceptualize
three dimensional space.
This suggests that some investigation, prior to the microscope activity, such as the
picture of the old woman or the young girl or just looking at a block wall and seeing lines
or looking and seeing blocks, needs to be done. While teachers have prior knowledge of
what to expect when they look under the microscope, students often do not. Students do
not appear to ‘see’ the same things. Historically, scientists have described images in the
microscope that depicted what they wanted or expected to see rather than what was actually
present. It may be that students react in a similar manner, describing what the eye is
expecting to see, then interpreting it within the context of their own experience. Such an
experience is described on page 107 in which the student describes seeing layers of the cell
to the extent that he draws layers reminiscent of the layers of the skin, while viewing under
the microscope a simple, thin section of rectangular epidermal cells. All that is actually
visible in the microscope is the cell membrane and a darkly stained nucleus. This suggests
that spending time prior to the activity, developing prior conceptions of what the students
might see under the microscope may help them in differentiating objects seen.
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Additionally, using a camera attached to the microscope eyepiece to project the
microscope image might help to direct students’ attention and help them zero in on cells and
filter out some of the noise. Providing objects such as the ear of com may also help
students develop a more concrete picture of cells. Books and computer images that provide
models may also help students to have expectations of what they will see in the microscope
that are more closely related to those the instructor intends.
Conceptualizing Size
Students also had trouble conceiving of the size of a cell. Students often refereed to
the lines they could see on their skin as the lines they viewed in the microscope, as if they
could see the actual cells with the naked eye. They did not appear to understand the
extremely small size of each cell or that it took many cells to make up a specific tissue.
Muscles tended to be viewed as a few large cells rather than collections of many cells.
Often students would describe situations in which one type of cell actually made up another
type of cell, that is nerve cells existing within the cytoplasm of another cell. Only one
student had at the outset the concept of cells making up tissue, making up organs, making
up systems. It was a much more difficult task to help other students construct this
understanding that was basic to developing organismic to cellular integration.
An animation that would show a step up magnification (10X, 40X, 100X, 1000X)
might help. In one instance, a student who was having a particularly difficult time with
understanding the size of what he was seeing was directed to think of looking at a building
from a distance and as you get closer the size of the building appears to increase. It was
then suggested that as he looked under the microscope and increased the magnification, it
was similar to walking closer to the building and seeing it as larger. This appeared to help
and eventually he had an ‘ah-ha’ reaction when he realized he was actually seeing clusters
of small cells that were much smaller than what he saw when he looked at the back of his
hand.
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Similarly, spending time with other spatial activities, such as having students draw
objects from different points of view and different distances, may help them develop a
sense of perspective. Activities using a hand lens to inspect insects may also help develop
the idea of magnification before using the microscope. Then viewing objects through the
microscope that are tiny but visible to the naked eye could provide a bridge between the
magnifying glass and viewing objects, such as cells that can only be adequately viewed
with the microscope.
Diffusion Dilemmas
The concept of diffusion presented a major hurdle for the tutor, as well as the
students. All but one student did not appear to have a concept of particulate matter. This
made it difficult for students to use the concept of random motion of molecules to discuss
how nutrients, oxygen and glucose, move through a system. In addition, students were
asked to make a cognitive jump from diffusion within liquids in one container to diffusion
across a membrane. While most appeared to do this I am not sure they really understood
why. Trying to keep diffusion short and simple also left at least one student with a number
of questions that needed to be worked through.
The diffusion activity, while minimally successful, could have been much better
with more time and more hands-on activities. I would suggest that diffusion be done
separately prior to the other tutoring activities. Several students suggested their own
analogies that appeared to be helpful in developing a mental model to explain diffusion. I
would suggest that these analogies be integrated into subsequent cycles. In addition, I
would extend these analogies by making them more visual through the use of realia such as
the bucket of balls. Having students manipulate objects representing the analogies may
make the concept more concrete. The teacher could then use computer simulations to allow
students to manipulate factors in diffusion to develop causal effects.
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Computer Animation Problems
The computer animation of digestion was limited because it did not show the inside
of the intestines and only briefly showed blood flow from the intestines. Another animation
of nutrient exchange showed glucose carried on red blood cells, which led to some
confusion when students later attempted to describe their mental model of nutrient exchange
at the cellular level. In several instances during this study, students would describe what
they had seen in the animation very differently than what the tutor had seen. In other
instances, students would restate what the computer had said but were then unable to
integrate this information into their own model. Overall, the computer animations were
limited by the speed at which new information was presented and the limited access
provided for the student to interact with the animation.
A better animation of digestion, showing the inside of the intestines with the villi,
blood vessels and diffusion of glucose into the blood stream, is needed. In addition,
simulations that allow students to change the amount of oxygen and glucose entering the
system and cell may increase the development of causal relationships between systems and
between organismic and cellular levels.
A caution should be made not to simply rely on showing the animation first and
assuming students are seeing what the teacher sees. It appeared to help in this study if the
animation was frequently stopped and discussed in small increments. Helping students
construct an explanatory need, and mechanism first, then ‘walking’ the student through the
animation by asking for predictions, clarification, and student explanation of what has been
shown also appeared to help. To make this truly accessible and user friendly for teachers,
there may need to be new animations constructed that include these features with clear
guidelines for teachers and students. In addition, building in features that allow users to
manipulate the animation and run simulations would increase the effectiveness of such
software.
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While the current research suggests that animations may be most effective after the
students have already constructed their own mental model in as much depth and complexity
as possible, the area of pre-use instruction is one that has yet to be studied in any depth.
Further research on the role of computer animations and simulations in mental model
construction as well as the pre-use instruction needed to make the most effective use of the
software, needs to be undertaken.
Conclusion
In conclusion, major areas were identified where strategies raised obstacles to
learning rather than enhancing learning. These included students’ difficulty in
understanding, expressing and using the concept of models, inability to use the microscope
to visualize cells, improper mapping of features from an analogy to the target, and difficulty
visualizing abstract concepts. In addition, computer animations were limited in the support
they could provide. None of these pitfalls, however, totally interfered with the students
attaining at least a minimal understanding of respiration. They did appear to slow progress
and occasionally make a concept more difficult to understand. Further study needs to be
conducted in each of these areas to determine specifically how to alter the situation to
improve learning.
Emergent Strategies That Mav Be Opportunities to Use in Next Cycle
Three strategies appear to have emerged from this study that may have implications
for use in subsequent tutoring cycles. These include support for multiple, mini-cycles of
construction, drawing-to-leam, and tutor/student co-construction of mental models. These
strategies were all unplanned by the tutor prior to the intervention. In fact, it was believed
that while the student might undergo numerous changes in their mental model as they
constructed a new more scientific model of respiration, the large number and small size of
these construction cycles was not expected. It is not merely that students underwent
multiple small changes in their models, but that each of these mini-cycles was necessarily
fostered by the tutor through strategies, prompts, questions, and other interventions by the
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strategy I have called co-construction. In addition, the mini-cycles are supported and
models appear to be mentally consolidated by the students through the use of the final
strategy, drawing-to-leam. A brief description of the multiple, mini-cycles is given below.
Further discussion of both the mini-cycles and co-construction is possibly best achieved
through the discussion and protocol describing the drawing-to-leam strategy. These three
strategies may possibly best work together for effective mental model construction.
Multiple, Mini-Cycles
Multiple, mini-cycles appear to have occurred throughout the intervention where
larger cycles of construction were expected. During the mini-cycles students returned to
their prior model much more frequently than expected and made smaller changes in those
models. Students often constructed a new mental model of a small part of a larger
construction cycle. That is, to understand a concept they first had to build a new model and
then return to a prior model and join or integrate the two.
Multiple mini-cycles were supported by multiple strategies, some of which were
both unexpected and unplanned prior to the intervention since the researcher believed that
several strategies would support one construction cycle. An example of this phenomenon
occurred within the study of diffusion. Only one analogy, the dye in water, was originally
planned. This was quickly found to be inadequate as students needed a deeper
understanding of particulate matter and random motion of particles to develop a mental
model of diffusion. Therefore, multiple analogies were used to stimulate many small
construction and revision cycles, continually referring back to prior models to promote
integration, and ultimately leading to a major conceptual change.
Tutor/student Co-construction of Knowledge
While many researchers have investigated the role of cooperative group instruction
to foster student construction of knowledge, few studies have looked seriously at the
teacher’s role as a participant, a co-constructor of knowledge with the student, except in
regards to the teacher’s role in behavioral management diring cooperative group work.
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There may exist a more detailed and possibly critical role for the teacher. I hypothesize
that, especially in complex and difficult areas of science where many alternative
conceptions exist, it may not be possible for students to construct understanding even in
collaborative groups without the suggested roles of the teacher. In 1983, Driver suggested
that in some areas of physics a rational empirical view of learning is inadequate to help
students construct understanding and therefore help is clearly needed. While no explicit
mention is made of the type of help needed, what it would look like, or who would provide
it, I believe the teacher can become a vital factor in co-construction with the student.
Tutor/student co-construction of knowledge appears to require a continuous
interaction between the student and teacher that may include criticism and revision cycles in
which the teacher needs to be aware of the mental model held by the student at any one
time. The teacher then engages in the further development of the mental model using a
variety of roles that all involve active participation. The student is not seen merely as the
recipient of facts or knowledge from the teacher, but constructs understanding based on
their interaction and the student’s own mental model development. The teacher likewise
undergoes changes in his/her mental models. This may be a change in models about the
student, the student’s ability to construct mental models, about teaching and learning, or
about the subject matter itself. Therefore, this co-construction takes place concurrently
although possibly at different levels. The important thing appears to be that this is a model
of active construction on the part of both participants, neither of whom is solely a recipient
or a giver of knowledge. An example of co-construction is given below along with the
drawing-to-leam strategy.
Drawing-to-Leam
At the beginning of the Standardized Tutoring Sequence, it was felt that having the
student draw would provide the researcher with a graphic illustration of the student s
mental model at any one given time. This would allow for evaluation of understanding and
also provide clues for intervention on the part of the tutor. There appears to have emerged
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a much deeper and possibly critical role for drawing in the learning process. In this study I
noticed that drawing-to-leam may have helped students in the mini-cycle construction of
mental models and may have contributed to the causal and dynamic relationships expressed
by the participants. That is, the act of drawing took on an unexpected role of a teaching
strategy. Suggested evidence of this strategy will be presented here, but it should be noted
that further research is necessary to determine the exact nature and effectiveness of the
strategy. Additionally, because variables were not controlled but rather multiple strategies
were used consecutively, it is difficult to say at this time whether one particular strategy
such as drawing-to-leam was the cause of specific mental model construction. Currently,
little if any research exists on drawing-to-leam at the middle school level. It does provide
an interesting discovery and one that will be subjected to rigorous research at a later time.
By having the student draw his/her mental model, the tutor appeared to be able to
guide the student to attempt to use the model to explain how structures worked within
respiration and to criticize and refine that model when necessary. Students were asked to
draw representations of initial mental models and then continue to draw in new
relationships as understanding was building. In addition, the student was often referred
back to previous drawings to contrast and compare mental models. Students appeared to be
better able to verbalize their mental model after they had drawn it and were also better able
to criticize that model and make revisions, than when they attempted to expain that model
from memory.
An example of constructing mental models in multiple, mini-cycles from drawings
is evidenced in the following interaction with Student I who comments that oxygen entered
the body via tubes that ran directly into arteries. In addition to the drawing-to-leam
strategy, the tutor actively engages in co-construction with the student, using prompts,
questions and sometimes simply ‘wondering’. At times, the tutor models her struggle to
understand and her need for further drawing or manipulation of objects to better understand
the student’s model.
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T

Can you draw that?

S

(draws). They (tubes) would be all over.

T

Let’s try something. Take a deep breath and hold it for a second. What
happened?

S

Lungs got bigger.

T

Why do they do that if the air is going directly into the artery?

S

Well, carbon dioxide back out...diaphragm moves...

T

When you took a deep breath and held it where was the air?

S

Trapped in your lungs, I guess.

T

Where? Show me on your drawing.

S

Like right here - in the tubes.

T

I wonder how much air you can trap in those tubes?

S

(no answer - looks thoughtful).

Student II had two models for gas exchange. One model had the air going directly
into the stomach and being absorbed with the glucose. His other model had air going into
tubes that were the lungs. The student recognized some discrepancy between the amount
of air measured by the breath volume activity and the amount that would be held in the tube
model of the lungs. He struggled to find reasons other than his suggested lung structure to
explain it. His drawing appeared to help him visualize the discrepancy.
T

Now how would that work in that tube right there (pointing to tube student
had drawn).

S

Air is not as dense as solid stuff so maybe it could be compressed
somehow.

T

(Attempts to compress air in the volume measurement bag with no success).

S

(Sits quietly thinking with a puzzled look on his face).

T

It seems like you would have to have a pretty big tube to hold that amount
of air.

The student then switches to his other theory of air going to the stomach because his
drawing of the tubes just wasn’t large enough to account for all the air.
S

Maybe the stomach or diaphragm has capacity for holding it. Or some other
organ.

T

I wonder though, if your stomach was holding all that air, where would the
food go?
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Throughout the exchange, the student refers back to his drawing and occasionally edits it to
represent the new suggestions he makes.
Student VI develops her model of the lungs through a series of more and more
complex drawings stimulated by her own criticism of each model. The initial model shows
air coming into the mouth and directly to the lungs and heart As soon as she looks at what
she has drawn, however, she changes this to say the air only goes to the blood vessels and
heart. In the drawing she still has lungs, unattached to anything (A in Figure 40). The
tutor questions the need for lungs in her model and she then begins to rethink the model,
suggesting that maybe the lungs are needed to inhale air. She draws another picture with
larger lungs with holes all over the surface and an arrow showing air moving through the
lungs and directly out to the heart (B in Figure 40). She still has difficulty reconciling what
the lungs actually do.
The tutor suggests that she draw a larger cross-section of the lung so the tutor can
better envision her model. Student VI draws a lung with three large tubes moving from an
entry tube and curving through the lung and out the side (Figure 41). Air comes into tubes
that make up the lungs (A). As the air passes through the lungs, pollutants are taken out
(B) and the oxygen moves directly from the tubes into the circulatory system (C). The
carbon dioxide that is inhaled along with the oxygen is immediately cycled back out of the
body (D) through another passageway. When questioned about the source of this carbon
dioxide, Student VI states that at first she thought it came from the body but now, looking
at her picture, she decides that it is just the carbon dioxide that was inhaled and not needed
that is now exhaled. This represents a return to a prior alternative conception that is
common with many students. That is, carbon dioxide is simply inhaled and exhaled rather
than produced as a byproduct in the body that needs to be eliminated. It is also not
uncommon for students to revert to prior conceptions when they are dissatisfied with a
model and have not yet constructed a new model that explains their current thinking.
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This reverting to prior conceptions is a trigger for the tutor to suggest that the
student revisit her prior drawings of the cell and ATP production in the mitochondria. This
stimulates the student to rethink where the carbon dioxide comes from and adds the cells to
her drawing. Carbon dioxide from the cell is depicted as moving through the blood stream
directly to the throat area, however, rather than being exchanged in the lungs (E). When it
reaches the throat area it somehow diffuses into a tube and is expelled. Some of the carbon
dioxide that is inhaled with the oxygen is still routed along a second tube (D) out of the
body. Although she has modified her model of carbon dioxide production, she still
maintains this one way movement of air through the lungs. Further drawing, along with
hands-on activities aids the student in finally developing a system of gasous exchange in
the alveoli of the lungs.
Drawing also appeared to provide a type of ‘place holder’ for the student and
allowed revisiting. Most students had difficulty in holding on to their models in working
memory for sufficient lengths of time to mentally manipulate them and to construct new
models. It appears that it may have been helpful, therefore, for students to hold these
models in concrete drawings so that available memory spaces can be used to work on other
parts of the causal chain. I believe it is this process that at least partially allowed all of the
students to be successful with developing causal and logical relationships as they worked
back and forth between drawings.
Drawing-to-learn also appeared to allow students to externalize their model. When
the students had constructed a mental model and depicted it graphically on paper they were
then encouraged to use the externalized model with dynamic information depicted by
arrows to run and mentally simulate the model. This depiction was induced through
repeated uses of such statements as, “Show me that in a drawing” and “Can you put arrows
in to show me where it goes.” “Trace where that goes on the drawing.” This in turn,
served to further integrate knowledge of a complex causal model and allowed the student to
apply the newly understood causal relationship to new situations. This occurred in the
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participants’ drawing after encouragement by the tutor to indicate how relationships existed
and how models worked using arrows, various colors, and other indicators of dynamic
interaction. Additionally, interviewing through drawing appeared to aid the student in
transforming their mental models into physical ones. The tutor used such encouraging
statements as “So what I want you to draw for me is where and how do you think the
oxygen gets from out here in the air into your body. Where does it go?” and “Draw how
oxygen and glucose get to the cells.”

Figure 40. Student Vi’s beginning drawings showing construction of the pulmonary
system.

Figure 41. Student Vi’s further construction of the lungs.
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When Student I was attempting to develop a model of diffusion it was helpful to
encourage him to make his model dynamic, to show the movement he was trying to
describe. The tutor initially asked him to draw a drop of water. The student draws one
molecule of water.
T

Now draw more water molecules.
Do they just sit there?

S

No, they move around.

T

Show that with arrows. (Student draws in motion with arrows).

The student was later able to connect the motion he had attributed to the molecules to
another analogy of balls in a bucket and to develop a model of random motion of particles.
Because the mental models were held on paper, the student and tutor were more easily able
to work among various models and analogies to build this understanding.
In order to achieve the deep understanding necessary to build a complex conceptual
model, several causal and dynamic mechanisms and processes need to be integrated into a
complex causal chain. This was achieved through revisiting prior drawings and making
connections to new drawings, looking specifically for cause/effect relationships. Often
faulty reasoning or relationships that did not fit into the students’ new model required
reevaluation and revision. Once a causal chain is developed, predictions and inferences can
be made about the complex system’s behavior (Gobert & Clement, 1994). Therefore,
similar to the findings of Gobert and Clement, in the current study individuals’ drawings
supported their inferencing and causal model construction by providing perceptual cues to
causal and dynamic relationships. Student V had an initial model of blood flow out to parts
of the body and drew a one-way system of vessels. Through questioning of the drawing,
stimulated by teacher probes and a discrepant event, the student was able to revise and
extend his model developing a causal relationship.
T

If the tubes go out to the body and then stop, does the blood come out into
the tissues?

S

No idea, I guess so.
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T

If it comes out at the end, where does the heart get blood to keep pumping
more out there?

S

(Student studies drawing and thinks for a while). It goes there (indicating
end of finger) and then it comes back to get more oxygen. (Student draws in
arrows showing blood coming back toward heart).

T

(Tutor introduces a model of blood circulation through a computer
animation and encourages student to compare his model with that on the
computer).
Can you compare your drawing to the animation?

S

I just had one set of veins. (Draws in a closed system of vessels going out
to tissue and back toward heart where just had blood going out and back in
same tube before). If the blood goes out to the tissues oxygen rich and
comes out oxygen poor, it must be depositing oxygen in the tissues. (Draws
this in model).

T

(Clarification). So now you are saying that just oxygen goes into the tissues
where before you said blood went into the tissues.

S

Yeah, because unless we get a transfusion, we don’t get more blood.

By the end of the tutoring cycle, all students were able to draw the path taken by
oxygen and glucose from the outside to the cell and to show with drawings what happened
at the cellular level. They were also able to discuss what would happen if there was not
enough available oxygen and glucose to produce ATP indicating a causal relationship that
crossed the organismic to cellular level.
Conclusion
In summary, new strategies have emerged that may prove beneficial in future
tutoring studies. Of particular interest is the use of drawing as a tool for mental model
construction. Drawing may provide a stimulus for model construction by making models
more visual, acting as a type of place holder for partial models while new models or parts
of models are constructed, promote reflection and comparison of models, help students
integrate elements of larger systems, and aid students in developing causal chains. The
second emergent strategy is the use of small mini-cycles to support construction of a
complex mental model. This is supported by the third emergent strategy, the co-
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construction of knowledge between the tutor and the student. Micro changes in a model are
supported through the interaction of the tutor and the student using multiple strategies.
Further research is needed to determine the effects and the optimal use of these strategies
within instructional sequences.
Global Hypotheses Building on Previous Findings
This study has been both convergent and generative. It concentrates on describing
observation patterns from the coding procedures along with interpretation of these
observations. It also generates new explanatory models of hidden processes about learning
in human respiration, producing hypotheses about students’ construction of mental models.
The combination of convergent and generative methods has, in turn, allowed the
formulation of new models of mental processes that are well grounded in protocol data.
This in turn, allows one to to explain important but poorly understood behaviors. Through
triangulation of observations from all tutoring interviews, it was possible to suggest these
hypotheses.
Some of the hypotheses suggested by this study are to be considered preliminary.
While one could triangulate from multiple observations to support these hypotheses, they
are viewed by this researcher as working hypotheses; hypotheses A and B are more general
and must be supported through comparison and inference. Further in-depth analysis,
repeated Standardized Tutoring Cycles with the same and varied populations, and scrutiny
by peers is encouraged. Some of the hypotheses. Hypotheses C, D, and E, however, are
more strongly grounded in the research protocol and can, therefore, be suggested with
more confidence.
A representation of the triangulation process used for hypothesis C is expressed in
Figure 42. Numbers one through nine are patterns of observations made during the
interviews that were captured on video and audio tape. Some of the observations
suggested several hypotheses and several observations suggest one hypothesis.
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When viewed as a whole, the multiple observations provide more and more support to a
central hypothesis, C.

Figure 42. Hypothesis (C) with multiple sources of support for triangulation from
observations. A, B, D, and E are only representative of other possible hypotheses. They
do not relate to the specific hypotheses posed in this study.

Hypothesis A - Students Understanding of and Ability to Use Models
Students’ initial ability to understand and use models consisted of generating very
basic and simplistic representations of structures based on real objects. It is consistent with
Grosslight et al.’s (1991) first level model conception that states that models are simple
copies of reality. This hypothesis is based on the model exercise conducted with students at
the beginning of the tutoring intervention. Multiple observations of all participants,
supported by protocol data include the following:
1. Initial pictures of a concept of any generic model were static in all but one student.
Student IV. A second student gradually added dynamics to the model but
questioned her own indicators of movement and cause (Student VI).

184

2. These models were replicas of real world entities in 6 out of 7 participants
(Students I,

n, in, V, VI, and VIII) and a questionable representation of the real

world in one other (Student VII). These included drawings of cars and outlines of
the human body said to represent large plastic models seen in school.
3. Only one student had a model that initiated a concept with dynamic features (Student
IV).
4. The one model that contained dynamic features was a replica of a physical model the
student had seen used in school, that is a bellows type model showing pressure
change that prompts inhalation and exhalation.
5. No students used a diagram or graphic representation of a concept.
Hypothesis B - Student Generated Questions and Answers
Students who ask their own questions and pose answers for these questions may
develop more complex causal mental models. Chi (1989) suggested that students learn “via
generating and completing explanations.” This is idea incorporates the notion that students
learn what they are ‘taught’ by self instruction in which they pose questions and generate
explanations.
1. Of the three students who developed complex highly causal mental models, all provided
evidence of student-generated deep questioning.
2.

Student I extended his understanding of the heart lung connection to begin asking
questions about the way blood was pumped. He was able to reason through his own
explanation that it was necessary for the blood to be pumped by the heart to the lungs
first to get oxygen before it would be pumped out to the body. This student developed
a more complex model of respiration at the end of the tutoring sessions that included
more causal relationships.

3.

Student IV states, “you breathe to get oxygen that combines with sugar and you get
carbon dioxide and water off. You get glucose from eating but I don’t see how water is
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the by-product.” This sets up a search on the part of the student to understand how this
happens. His final model was also complex with many causal relationships.
4. Student IV later questions, “Both oxygen and glucose seem equally essential but you
don’t need to eat as often as you breathe. So I’m wondering where glucose comes
from after a while.” He reasons that, “Air is only stored while breathing in but when
you eat, nutrients stay longer and are released more slowly. So the body has a better
capacity to store nutrients than oxygen. Maybe it is stored in the blood stream or small
intestines.”
5. Student IV poses a question about the mitochondria. “Would the mitochondrion be
bigger if it is used more and more in shape?” He then goes on to answer his own
question after thinking about it for a while. “No, it’s storing capability must be
increased.”
6. Student IV after a discussion on anaerobic respiration asks, “Does it do that on
purpose? Keep oxygen from entering or just not have enough oxygen?” He reasons
that it must just not have enough when he reasons that the body is trying to get more
oxygen when a person starts breathing faster and the heart speeds up.
7. Student IV poses other questions about how ATP is actually used in the cell and why
two high concentrations of substances on opposite sides of a membrane diffuse.
Hypothesis C - Simultaneously Held Conflicting Models
Individual students can simultaneously hold conflicting models of human cells.
Clement (1983) describes similar findings in his study of students’ concepts in algebra. In
the present study, since dual models appear to come from the students’ interpretation of
what they have been taught in school in combination with prior experience. Numerous
observations were evident in the protocols of all students that this dual model existed.
These provide substantial support for the hypothesis.
1.

All students drew circular cell outlines with varying internal structures and stated this
was what had been shown in their seventh grade science class.
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2. All students stated that the body was made up of cells but only one student (IV) drew
cells when asked to show the make-up of different tissues in the body.
3. The tissue cells drawn by Student IV were not at all like the cell he had initially drawn.
4. Seven students (Students I, II, HI, V, VI, VII, VIII) did not ascribe function to cells
but described the cell as a vague entity that ‘just is’. Simultaneously, however, they
also stated the body was made up of cells.

5.

Students n, V, VI, ascribed plant cell features to structure of a single animal cell, the
initial circular cell drawn.

6. Students I, HI, VII, VIE described only an isolated blood cell when asked to draw and
talk about what they have previously learned about cells. They stated that this was the
singular, circular cell they drew initially. None of these students connected this cell
with the cells they said made up the body.
7.

Student II drew a detailed description of cells made up of levels containing structures
similar to layers of skin but when showed a cell on the computer he stated that it was
just like the original circular cell he had drawn only with more parts. When asked
where circular cell drawing came from, student said, “..my science class. They just
handed us a drawing and said this is what a cell is.” He did not see this as conflicting
with the other picture he drew of a cell with layers like skin.

8.

When asked to describe the cells of the body. Student I stated, “...like long thin
pancake, pink. I don’t know what the wavy lines are...I just saw a film in science.”

9. Student HI described the slide of skin cells as dots “squished” together but her drawing
of a single cell was circle with an irregularly shaped dark area in it and stated that there
would also be molecules in it. On probing, she was unable to make a connection
between the dots and the single cell. Other cells from different body parts were drawn
in different shapes with different descriptions than both the single cell and the skin
cells. Heart cells were described as a thin layer like plastic wrap, but moist and sticky.
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Muscle cells were like the heart but the student stated, you could not see through them like chicken fat, non-structural, lumpy.
10. When asked how his newly constructed model of the cell compared to his original cell
model. Student V stated, “Not really like pictured before. I had studied the cell in
seventh grade science class.”
This student originally drew an animal cell with plant parts and then could not envision
cells that made up the body.
Hypothesis D - “Seeing” is Affected By Prior Experiences and Expectations
What students see under the microscope is not necessarily what the instructor sees.
This 'seeing’ is affected by the student’s prior experiences and expectations. Kuhn (1962)
suggested that a similar ‘seeing’ occurred among scientists. That is, “the acceptance of a
theory by a community of researchers has already predetermined what they can expect to
see in their experiments. What the sceintists see depends upon what they look for, and
what they look for depends upon what previous experience has taught them to see” (Alioto,
1993). Both parties bring to the situation their own preconceived notions about what they
will see in the microscope and this in turn colors what is actually preceived.
1.

Students I, II, ID, V, VI, and VIII only described lines and dots even when they drew
outlines of cells.

2. Student VTI also saw only dots and lines but did not have a mental model of a cell
initially.
3. Student II described the slide of skin as a cross-section of skin with layers that he says
he had seen in school even though he drew what the actual slide looked like to the
tutor. Later he integrated this layered skin model to individual skin cells.
4.

Student I, II, III, V, VI, VII, VIII described gross tissue under microscope, not
individual cells. Examples included such statements as, “There are different textures
like on the skin. The dots might be like holes where hair sticks out (Student II),”
“More like muscle type, like red, like skin looking (Student I),”
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5.

Even when shown a picture similar to what was on the slide Student HI described only
gross tissue, not cells. Only saw dots and squiggles.

6.

Students n, ID, V, did not connect the darker dots they described on the slide with the
nucleus although all had drawn a nucleus in their initial cell. The other students made
the connection after much probing.

7.

Student V describes cells as ‘tessellation’s’ and indicates the lines on the back of his
hand to show this.

8. Students I and II made similar comments about what they could see on the back of their
hand and the slide of skin cells.
9.

Student VUI states that the microscope slides look like “rain drops that have hit the
windshield, little droplet’s like streams of water like following it.”
Hypothesis E - Student Generated Analogies Lead to Explanatory Need
Students who are able to develop their own analogies showing both structure and at

least minimalfunction, are better able to develop an explanatory need. This, in turn, helps
the student to make connections between the first concept and subsequent concepts in a
dynamic, causal series. Similarly, Wong, (1991) found that when students generated thenown analogies about physics phenomena it caused them to raise questions about the
accuracy or completeness of their undersanding or current explanations.
1.

Three students (II, III, V) generated either a state or federal government analogy to the
cell and quickly went on to suggest that as energy was needed by government
buildings, it would also be needed by the cell and one part of the cell would have this
for a job.

2. Student IV used a corporation analogy that was similar in effect as the government
analogy except that this analogy also suggested to the student that a product might be
made by the corporation (cell) and sent out to others who needed it (out to other parts of
body). This suggested farther reaching actions of the cell that increased its need for
energy. This student specifically stated the need and use of energy for all cell activity.
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3.

Student I used a circuit board analogy for the cell which provided limited structures but
some function and energy flow. While he recognized and stated a need for energy to
send out messages, it was not until later when his cellular model became more complex
that a large need for energy was developed. His own analogy emphasized his limited
function of the cell and limited energy need.

4.

Students VI and VHI were unable to come up with own analogy but stated that they
could relate to the school analogy. The tutor returned to the school analogy, which
both students said they could envision to center in on the cafeteria to suggest

the

need for students to obtain energy for everyday activities and gradually helped the
students to map this in structure and function to the cell.
5. Student VII described a vague analogy of a city but then was unable to give any
structural or functional similarities to a cell or to describe inter-relatedness within
model. He later had difficulty developing explanatory need for energy in cells.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

In conclusion, five major categories of findings and recommendations can be drawn
from this study: (a) students successfully constructed mental models of a complex concept,
respiration, and successfully applied these mental models to post-test transfer problems; (b)
preconceptions played an important role in the construction of mental models; (c) important
features of learning strategies have been uncovered that provided support for student mental
model construction and three emergent strategies have been suggested; (d) major pitfalls
and hurdles within strategies have been uncovered; and (e) implications for education
instruction are delineated and major areas for future studies are suggested.
Development of Complex Mental Models
All students showed evidence of the development of complex mental models of
respiration. These mental models were constructed through a process of repeated
construction, criticism, and revision cycles. Cycles were often stimulated by the tutor but
often under the direct control of the student. Evidence of students’ participation in the
mental model construction cycle was provided by the students’ drawings and protocol.
This mental model construction resulted in complex and integrated models of respiration in
all students although some were more causal and structurally more mature than others.
Most students gave complex answers on the post-test suggesting that all students were able
to transfer their understanding of respiration to new problem areas. All students completed
the study with models that were dynamic, causal, integrated, and had at least minimal
structure and function.
At the end of each major stage of instruction, the students’ mental models were
evaluated through drawing and verbal discussion. These indicated that after the study of
the cell all students had a dynamic model of the cell and all but one a complex structure. All
students were able to ascribe function to the cell and most were beginning to develop causal
relationships and integration between organismic and cellular levels. This suggests that
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strategies employed to aid learning about the cell and to help the student construct an
explanatory need for integration were successful. Success at the end of other stages that
introduced the digestive, circulatory and pulmonary interactions was also evident in the
students drawings and also in the final post-test.
Role of Preconceptions
Building on findings from a previous study, additional preconceptions that students
hold about respiration were uncovered in this study. These included evidence of students
naive conceptions of respiration occurring only at the pulmonary level, lack of
interconnection between systems, and poorly constructed mental models of organismic and
cellular interaction. Preconceptions included both naive and alternative conceptions, some
of which appeared to hinder students in using their understanding to explain situational
problems about respiration. Most of the students proceeded to change their preconceptions
over the course of the Standardized Tutoring Cycle. In some cases, however, prior
conceptions were persistent and hindered the students’ construction of new mental models
and in other cases prior conceptions were integrated with new knowledge in unscientific
ways. In instances where students came with more scientifically detailed preconceptions
they were able to build on these conceptions in positive ways. The results of this study
indicate that attention needs to be paid, not only to what preconceptions students bring with
them to the instructional setting, but how they interact with these preconceptions as they
construct new models. The importance of preconceptions may have been best summed up
by Ausubel (1968) in the statement, “The most important factor influencing learning is that
which the learner already knows. Ascertain this and teach him accordingly.”
Effect of Learning Strategies Used
Evidence from transcripts of learning episodes indicated that the use of analogies,
hands-on activities, computer animations, and discrepant events aided students in
constructing complex mental models of respiration. In addition, a number of critical
features of, and new roles for, drawing and scaffolding within analogies, discrepant
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events, hands-on activities, and computer animations have been suggested. The three
major strategies, (analogies, hands-on activities, and computer animations) are discussed
separately below.
Analogies
Analogies provided students with visual, structural, and dynamic/causal support for
mental model construction. All of the analogies used in this study had a positive effect on
students' mental models construction (see Appendix H). In some cases, this effect was
caused in combination with other strategies, such as computer animations. At other times
multiple analogies were used auccessfully to aid in constructing complex mental models of
respiration. Most students also generated some of their own analogies, some directed with
prompting by the tutor and some spontaneously. This finding is consistent with both
Mason (1994) and Wong (1991) who found that students were able to generate their own
analogies and then use these analogies to generate explanations. Student generated
analogies were particularly prevalent in areas that involved more complex integration of
information and visualization such as diffusion.
All students were able to engage in guided mappings of analogs to target concepts.
These analogies, both drawn and mapped by the students and/or tutor, appear to have
made abstract concepts, such as the cell, more concrete and available to the students.
Equally important was the fact that all students were able to transfer features and functions
of these features from the analog to the target concept, however, not all at the same level.
The use of analogies that were within the experience of the student, such as the
school or com analogies, may have aided in the students’ ability to complete this mapping.
Evidence was collected suggesting that students were able to extend the dynamic properties
of certain analogies to the dynamics of the target conception. Evidence also suggested that
this, in turn, allowed students to use the new models to explain causal relationships and
gave new function to models. One possibly critical hypothesis that is suggested is that
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construction of causal, dynamic mental models is supported by the use of analogies
containing dynamic and causal relationships.
Several new views of analogies as an instructional strategy have been suggested by
this research. There is evidence that making analogies more visual through drawing or
hands-on materials supported the analogies’ role in supporting spatial reasoning. That is,
some students appeared to be able to better manipulate this type of analogy physically rather
than relying on mental manipulation that was often difficult This effect appears to be
enhanced when the analogy is within the experience of the student. Mapping of features of
analogies to the target by the student may also play an important role in increasing the
effectiveness of the analogy. Use of multiple analogies and, for some students, use of
student generated analogies, were supportive of construction of complex mental models.
Computer Animations
Computer animations appear to have provided a tool that students could use to
visualize abstract or unseen dynamic interactions. Animations often helped students to
make a leap in construction when they had exhausted their own internal resources by
suggesting another model and making that model dynamic as evidenced by ah-ha
expressions by students and drawings of this new model. Computer animations were most
often used in combination with other strategies or as a follow-up to other strategies.
In these instances it appears that the animations helped students to redirect and focus
attention in specific areas and helped stimulate students’ recall of prior conceptions and
transfer of concepts to mental models being constructed. Computer animations may help
students visualize what is not readily seen. In addition they may help students integrate
various parts of models that they have constructed, that is, to develop a series of causal
relationships and mechanisms. I hypothesize that these techniques, at least in combination
with other strategies, helped students to construct new mental models. It appeared that
concurrent tutor discussion and computer animation presentation allowed the student to use
the animation more in his/her constructing of a model.
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Hands-On Activities
Hands-on activities were used to induce dissonance in order to cause dissatisfaction
in students with their prior model and to support construction of a new mental model. In
combination with other strategies, hands-on activities led to construction of complex
concepts of respiration especially in the area of pulmonary structure and function. This
was true for all students even though they began with different models of the pulmonary
system, some having hollow, balloon shaped lungs, and some simple tubes for lungs.
For example, hands-on activities with pig lungs combined with the grape analogy appear to
have helped students to visualize the internal structure of the lungs.
On the other hand, one particular activity that did not provide the model
construction support that was expected was the microscope activity. Most students had
difficulty differentiating cells under the microscope even though they were able to correctly
draw the image viewed. These students appeared to identify lines and dots rather than the
outlined cells which they were able to draw. In other words, they did not see the cells as
the tutor saw them. This finding has profound implications for using the microscope as a
tool for helping students construct mental models without prior instruction and/or
experience. It suggests that limited understanding and ability to visualize in three
dimensions limited the use of the microscope.
Possible Emergent Strategies
Beyond the three planned strategies describe above several other emergent
(unplanned) strategies are suggested by this research. Evidence of these strategies is
spread over the entire tutoring session rather than from one specific period and embedded
within other strategies. These emergent strategies include model development through
multiple, smaller than expected construction cycles, tutor/student co-construction, and
drawing-to-leam. All of the emergent strategies occurred in combination with other multiple
strategies. The first emergent strategy, multiple, small construction cycles was particularly
seen in conjunction with far, partial analogies.
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Multiple. Mini-Cycles
More than the expected number of mini-cycles of model construction appear to have
occurred throughout the intervention where larger cycles of construction were expected.
During the mini-cycles students returned to their prior model much more frequently than
expected and made smaller changes in those models than expected. Multiple mini-cycles
were supported by multiple strategies, some of these mini-cycles were both unexpected and
unplanned prior to the intervention since the researcher believed that several strategies
would support one construction cycle. Multiple analogies were a particular source of
stimulus for these multiple mini-cycles.
Mini-cycles may have also played an important role in building understanding from
a more naive concept to the target concept. Gagne referred to a similar building that began
with mastering lower level knowledge before the individual was able to master dependent,
upper level knolwdge (Cohen et al., 1989). Similarly, mini-cycles may have allowed
students to start with lower level knowledge about structure of a cell and begin to build a
more complex understanding that included higher level knowledge that included detailed
function and causal relationships.
Drawing
Drawing was initially used by the tutor as a means of gathering evidence of
construction of mental models by the participants. It appears that drawing may have taken
on a more critical role in the learning process. Students appeared to rely on this strategy to
better visualize and conceptualize their model at any one time during the cycle, allowing
them to criticize, analyze, and revise. It may be that simply being required to draw what
they are thinking was impetus enough to help students formulate a clearer picture of their
conceptions. This form of generating explanations using drawings has been documented in
very young children (Forman, 1989) but little is known about the effect of a drawing-toleam strategy in older children. This is one area that requires further investigation.
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Certain features of the drawing-to-leam emergent strategy provide some possible
evidence of its effectiveness. Drawing may have acted as an external memory to hold
models while other mental manipulations and constructing occurred. Often during the
tutoring cycle it was apparent to the tutor that students had difficulty remembering a partial
model while working on new pieces that would eventually be integrated into a prior model
or even replace a prior model. At these times, having a paper copy of the prior model
allowed students to work back and forth between models for better construction. I have
used the term drawing-to-leam to designate when it appeared that drawing became a
learning strategy rather than merely an assessment tool by the tutor.
Tutor/Student Co-construction
Tutor/student co-construction may also have been key to the learning process.
Rather than merely presenting an analogy or other activity, the tutor actively engaged the
student in a discourse that led to the construction of new models in small cycles or steps.
Linn (1993) has suggested that “scaffolded knowledge integration,” which may be similar
to what I call co-construction, “involves supporting students as they make sense of
scientific phenomena.” Effective co-construction relied on the teacher knowing when to
supply sources of dissonance and when to suggest new models, ask probing questions, or
to simply support the student’s own constructing, in other words, supporting the student.
In addition, however, in this instance, the teacher had to know when to pull the student
back when he/she is diverging into counter productive directions. The teacher was also
actively listening and looking for ways to provide support to the students as they construct
understanding. The student and teacher also engage in a dialog that requires both to rely on
language as a common medium for understanding each other’s mental models. Bruner
(1966) has suggested that language is a tool and without language “the mind and the hand
alone cannot construct knowledge about the world.”
Further study of the effect of co-construction as a separate strategy is needed,
however, since it was used throughout the intervention and no attempt was made in this
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study to separate it out from other strategies. The effect on the tutor during this coconstruction needs to be investigated. Questions such as: Is the tutor also constructing new
knowledge? If so, is this new knowledge about content, process, the student’s ability, the
student’s current mental model, learning style, or some other area such as the nature of
teaching and learning? This type of co-construction may have been critical for deep
understanding.
Criticism of Teaching Strategies

Criticism of teaching strategies was a critical part of this study. A major purpose of
this phase of the research was to establish strategies that appear to be most effective in
aiding students in construction of mental models that they can then use to solve real world
problems and make informed decisions. It is important to understand which strategies did
not work as well as those that did. The study provides evidence of both successes and
pitfalls and provides recommendations for revision of the instructional sequence as well as
recommendations for inclusion in future cycles.
Several major areas that proved to be hurdles were the students’ lack of
understanding of models, the surprising alternative perceptions in the microscope study,
and the diffusion activities. Revising or lengthening these aspects might provide more
opportunities for students to construct understanding of the use of models and microscopes
in science, and to develop the background knowledge necessary for deeper understanding.
Limitations of the computer animations suggest that other animations need to be
developed to aid students in mental model construction, especially in those areas where
actual hands-on experiences cannot be found. In addition, computer programs could be
used to provide simulations that allow students to manipulate structures, functions, and
data to help, particularly with development of causal relationships.
Implications

Numerous new areas of study have also been suggested by this study. These
include further investigation into the use of drawing-to-leam, use of co-constructed,
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complex analogies, and multiple mini-cycles of construction. Further study of how
students and teachers differ in visualizing and describing common experiences, such as in
the microscope study, is necessary to extend our understanding of both teaching and
learning. Some specific implications for instruction that have emerged from this research
will be listed. Based on the analysis of transcripts, drawings, pre-test and post-tests, and
student non-verbal behavior, the study suggests that to increase deep understanding of
complex biological topics, teachers should consider using the following strategies:
1. Use multiple, student generated, and visualizable analogies within the frame of
experience of the student as opposed to always using single, quickshot, verbal
analogies that are teacher generated and presented. When analogies are teacher
generated, they should be within the frame of reference of the student and rich
enough to allow the student to analyze the analogy, studying its structural and
functional features;
2. Have students map features of an analogy to features of the target concept rather
than the teacher doing the mapping. Additionally, the teacher should provide
support for mapping through open-ended questioning techniques and openended prompts;
3. Provide multiple avenues of visualizing the dynamic nature of concepts such as
through computer animations, analogies, and hands-on activities. Having
students draw analogies or manipulate realia that represents the analogy may
enhance the effectiveness of such analogies;
4. Have students draw and describe their mental models to aid in criticism and
revision cycles. Drawing may stimulate recall of prior models, help students
manipulate models and run mental simulations, and hold on to partial models
while constructing new parts for a model;
5. Engage in on-going participation in the construction cycles with students,
providing support for construction rather than transmission of knowledge;
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6. Use computer animations, not as a substitute for student generated models, but
as an extension and confirmation tool. The teacher may need to adjust the
animation time and sequence, interrupting the animation to ask questions or give
prompt statements. Also, it may be beneficial to have the students discuss what
they see rather than blindly accept that students derive the same information and
understanding from an animation that the teacher does.
The current study was conducted with a small group of average and above average
students from varied ethnic populations. While the participant group was small, three of
the eight students used English as a second language. This was important to the study,
since these students proved to be just as adept at developing complex mental models
resulting from the strategies as did the English only students. Future studies should be
conducted with students from other populations such as those with learning disabilities, a
wider range of science achievement levels, and other age groups. While preliminary
research needs to consist of individual tutoring situations so that greater understanding of
the mental model construction process of students can be closely analyzed and the effect of
new strategies studied, future research might be made up of small groups of students
learning cooperatively and also of whole class groups. This will ultimately be necessary to
take advantage of these findings for classroom use.
Evidence collected during this study provides an initial base for understanding
students’ construction of mental models in human respiration. It has been noted that the
students in this study were all able to construct complex mental models after engaging in a
standardized sequence of strategies. Probably more important, however, is the added
information this study provides about the use and effect of specific strategies, analogies,
hands-on activities, and computer animations, as well as newly suggested emergent
strategies, multiple, mini-cycles of model construction, drawing-to-leam, and tutor/student
co-construction of knowledge. Grounded hypotheses generated from this study should be
extended and further investigated within the context of respiration and other topic areas.
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APPENDIX A
CONSENT FOR VOLUNTARY PARTICIPATION

Models Of Conceptual Understanding In
Human Respiration And Strategies For Instruction
As a Doctoral student in Science Education at the University of Massachusetts, Amherst, I
am conducting research to determine how students construct understanding in the area of
human respiration. In addition, it will investigate whether certain instructional strategies
aid in learning that reflects a change in conceptual understanding. The projected benefits of
the study include recommendations for improvement of the teaching of human respiration.
I volunteer to participate in this study and understand that:
•

I will be asked to complete a written survey on the topic of human respiration and the
effects of cigarette smoking.

•

I may be interviewed by Mary Anne Ramirez during a minimum of four tutoring
sessions on the topic of human respiration.

•

The interviews will be video and audio tape recorded to facilitate selected analysis of the
data and construction of theories on this topic. Segments may be shared with
researchers or used in teacher training.

•

My name will not be used in any way at any time.

•

The results from this study will be included in Mary Anne Ramirez’ doctoral
dissertation as well as in other publications and presentations.

•

I may review data collected from me or withdraw from part or all of this study at any
time.

•

lam free to participate or not to participate.

Participant’s Signature
_
Education Parent/Guardian’s Signature
Massachusetts
(required if under 18)
Amherst, MA
_
Date
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Mary Anne Ramirez
Doctoral Candidate
Math, Science, and
Instructional Technology
University of

(413) 545-5863

APPENDIX B
HUMAN RESPIRATION SURVEY

Directions: This survey contains open-ended questions. Please answer each
question with either a drawing or a few sentences. In referring to the
respiratory system we are including both the structures involved in breathing
and in cellular respiration.

1.

In the outline below, draw and label the organs of the respiratory
system as you would find them in the human body.
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3.
and

Describe the path air take after it enters the body through the mouth
nose, is utilized by the body,
and then exhaled. Identify the contents of this air
as it moves through the body.

4.

What would happen to a human if he/she were deprived of
all oxygen? Explain why this would happen.

5.

Select two of the animals below and describe how the
respiratory systems are alike and different from that
of humans:
earthworm
fish
grasshopper

6. How does smoking affect the respiratory system? Other systems in the
body?
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APPENDIX C
PRE-TEST AND POST-TEST
/

Swimmer Prompt
Prior to beginning a race, one swimmer takes several deep breaths before diving under the
water. A second swimmer is late to get to the starting block and dives in without taking
any deep breaths. By the end of the race, the second swimmer appears more “out of breath”
than the first swimmer and complains of muscle cramps.
Provide an explanation for this occurrence. What is the relationship between the
deep breaths and muscle cramps?

Hiker Prompt
You and your friend plan to go on a long hike. The weather is moderate, not too hot or too
cold. As usual, your friend is late when you arrive to pick him/her up. You hear his/her
mother remind him/her to be sure to eat a good breakfast But your friend just says he/she
will eat later. Later he/she is having too much fun to stop and eat
About half way up the second hill your friend gets dizzy and feels faint. His/her heart is
beating very fast and he/she is trying to breathe in big gulps of air.

Provide an explanation for this occurrence. What is the relationship between
eating, hiking, and breathing? Why is your friend’s heart beating so fast and why is
he/she trying to take in so much air?
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APPENDIX D
SCORING FOR CODED RESPONSES ON PRE-TEST AND POST-TEST

The target concepts are derived from the Learning Pathway identified in the Framework of
Levels of Understanding Human Respiration. The target concepts are those responses
indicated under each problem below that are given a code of 3. These responses indicate
both an understanding of factual information at a cellular and organismic level, the
integrated cause and effect action of the body necessary for respiration, and basic structural
components and mechanism needed for respiration. In order to display a complete
understanding of the target conceptions and be considered to have attained Level ID A, B
and Level IV C (the learning pathway) the student would need to score a total score of 20.
Coded Responses: There are three important aspects of the answer to these problems.
Students will be given points depending on the inclusion of these points and the
depth to which they are described.

Swimmer Problem:
Response___Code
Deep breaths increase oxygen into the lungs and

3

then increase the level of oxygen that
diffuses into the blood and is
therefore the oxygen available to cells
throughout the body.
Increased oxygen needed by cells of whole body
to produce energy necessary to carry out
functions such as muscles contracting in
act of swimming. This energy is produced
in the mitochondria of all cells.
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3

Muscle cramps are caused by the lack of oxygen

3

to the muscles. Muscle cells will carry
out anaerobic respiration (respiration in the
absence of oxygen) for short periods
however, there is a build up of lactic acid
as a by product of this type of cellular
respiration that causes cramps. Anaerobic
respiration (respiration in the presence of
oxygen) produces less energy than
aerobic respiration.
Deep breaths help the swimmer get more oxygen into

2

his/her lungs or to heart and this helps in swimming.
The body needs more oxygen to produce energy so

2

you can function.
Muscle cramps occur when you do not have enough

2

oxygen to the muscles.
Deep breathes help you swim better.

1

You need oxygen (air) so they body can work/ to live.

1

Muscle cramps occur when you use your muscles

1

too much.
No answer/don’t know

0

Hiker Problem:
Response

Code

In addition to oxygen, the body needs a

3

constant supply of sugar in order to
carry out cellular respiration.
Not eating will cause a drop in sugar in the blood.
This will mean less sugar will get to the
cells.
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3

The heart will beat faster and respiration increase

3

in an attempt to move what sugar and oxygen
is available to the cells, particularly of vital organs.
The body needs food for energy.

2

If you do not eat then there is no food for your

2

brain to work and you get dizzy.
The heart beats faster because the hiker is tired

2

from not eating and he/she breathes faster
because he is out of breath from climbing.
The body needs food to work.

1

The hiker is dizzy because he/she is tired.

1

The heart beats faster because it is tired.

1

No answer/do not know_0
POSSIBLE POINTS

18

0.2 point will be given for inclusion of individual terms listed below that are used in
the correct context.

Mitochondria/power house of cell
glucose/sugar
cellular respiration
oxygen
blood vessels

lungs
blood
diffusion
alveoli/air sacs
cell

TOTAL POINTS POSSIBLE IS 20
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APPENDIX E
LEVELS OF UNDERSTANDING HUMAN RESPIRATION

ORGANISM 1C LEVEL RESPIRATION:

Level I
F ■ to provide oxygen for life
S ■ nose, mouth, windpipe
M - air enters nose/mouth and travels into body

L§Mil
Diaphragm:

F « ventilation of lungs
S - smooth muscle fibers
M * movement down increases thoracic
cavity to allow decrease in pressure
in the lungs compared to atmospheric
pressure causing air to rush into
lungs

Airways: F - air conduction
(conductive
S » nose, mouth, V/indpipe',
zone)
M - air move into and out of lungs by way of airways
Lungs:
(respiratory
zone)

F - provide surface for air to move into blood
S - solid, spongy structure that fills
chest cavity
M - conducts air

muscle fibers:

F - contraction and relaxation of diaphragm
S - elongated muscle cells
M * contraction and relaxation of cells working together cause
whole diaphragm to move

Ley?!. Ill

trachea, bronchi, bronchioles:
F - air conduction
S - trachea, bronchi, bronchioles
patency maintained by cartilage rings in trachea and bronchi;
bronchioles depend on lung structure for patency
M - movement of air into and out of lungs
Alveoli:

F - diffusion of gas into blood
S - cells formed into a sac with thin
walls made of squamous cells (type I) and surfactant secreting
rounded cells (type II)
M - diffusion of oxygen through respiratory epithelium in alveoli,
into interstitial space; surfactant secreted by
type II cells prevent cohesive collapse lungs

Pulmonary Vessels:
F = transport oxygen in blood
S * capillaries that form network around alveoli
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M * diffusion of oxygen through capillary endothelium, into plasma,
into erythrocytes where attaches to hemoglobin

Level IV
Capillaries

F - transport of oxygen to cells
S - smallest of blood vessels, thin walls, closed system
M - diffusion of oxygen through capillary
wall into cell

Cells:

F - provide environment where metabolism
can occur
S - individual cells which may differ in
size and shape according to type
M * oxygen diffusion across cell membrane
and transport to mitochondria

Mitochondria

F « carry out metabolism for energy
S - inner and outer membrane; intermembrane sacs; 1000-1200
mitochondria per cell
M - ATP produced from 2 carbon sugars in the presence of oxygen.
Oxygen is necessary to dispose of the steady stream of
spent hydrogens, combining to make water. The oxygen
utilized by this process is supplied by the lungs through
pulmonary respiration.
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APPENDIX F
OUTLINE FOR TUTORING INTERVIEWS
l. Pretest interview
A. Swimmer situation
B. Hiker situation
II. Models
A. what they are
B. how we use them
C. examples from students
m. Cells
A. exploration with microscope
B. models
C. computer simulation of cell respiration
IV. Circulation and digestion
A. how does sugar and oxygen get to the cell
B. diffusion
C. trace circulation using computer simulations
V. Pulmonary respiration
A. getting oxygen into the body for delivery by circulatory system
B. most efficient structure of lungs
C. mechanism of lungs
D. gas exchange
VI. Post-test
A. Swimmer
B. Hiker
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APPENDIX G
STANDARDIZED TUTORING CYCLE

Introduction:
Tell student that we are going to investigate the human body to develop a deeper
understanding of what is occurring in the two problem situations. It is expected
that by the end of the following tutoring interviews that the student will be able
to describe in detail the role and action of oxygen and sugar in the human body
and how deficiencies in either one can affect how and why the body functions.
Throughout the tutoring interviews students are encouraged to keep the swimmer
and hiker in mind as they construct new understanding.

Identification of understanding of what a model is: (Model Development)
What does model depict? Is model initiated by student static or
causal?
Have student draw his idea of a model.
Suggest that student try to show movement or action through model.
Offer several possible models, such as blueprint, atomic model, weather.
If needed, have student work with pattern blocks or molecular model kit to begin
formulating concept of model. Make simple model of water using pattern
blocks and then 3D molecular model kit to suggest to the student that
a person can use a variety of ways to show the same information. This
is why we will be asking the student to draw and explain their own
mental models since these may be very different from the way the
researcher sees a situation.
Suggest that in science it is often necessary to use models for things we can’t
easily see. What are some possible instances when this might happen?
Tell student that later we will be using some models to talk about things
inside the human body that we can not see.

Development of the concept that cells are located in every part of the body
and all carry out many of the same functions such as cell respiration
necessary for energy production: (Cells)
Point out several areas within the human body and ask student to imagine what
a very thin slice of tissue in that area would look like if you looked at it
under the microscope. Draw and describe why. This will access prior
models that may differ from what they will see when they begin to look
at cells under microscope. This could then be dissonance producing and
begin a cycle of conceptual change.
Introduce cell using slides. Have student draw what they see. This will encourage
student to translate the picture on the slide to an internalized visual
model that they can then draw. In other words, they have to first
interpret what they see, internalize it, and then draw their own
representation of the slide. Especially encourage student to think about
the arrangement of cells on the slide, that the entire tissue is composed
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of individual cells side by side.
Analogy of cell groups to ear of com. Show com and point out how
kernels are positioned over all of the ear. Much the same in the body
where cells make up every tissue and organ.
Have students look at several slides each of a different type of cells
but encouraging student to notice that even though the tissue is from
various organs, it is all composed of cells.
Drawing several different cell slides will give students an opportunity
to begin to compare and revise their initial impressions of cells. Students
asked to point out and discuss what they see. Try to develop an
understanding in the student that while each slide of cells looks different
they all have similarities. Will only be able to see nucleus but suggest
that other parts are similar in cells and because we can’t see them except
with a powerful microscope, we sometimes use a model to suggest
what a generic cell might look like.
Analogies of cell to school building - just as school, the cell is made up
of many different rooms, often connected by halls. Each room has a
different function. Wouldn’t want to hold several different classes in a
gym where PE was taking place and people were also having lunch,
cell nucleus to brain - just as brain regulates what happens in the body
the nucleus regulates much of the working in the cell.
Mitochondria to power house- power plant produces electricity to give
power to many other offices and factories to do work just as the
mitochondria produces ATP, a high energy molecule that supplies energy to
other parts of the cell to do work.
Golgi body to packaging plant; lysosome to disposal.
Have student draw a generic model of a cell based on what they have
experienced after observing internal structures and hearing analogies. This
can then be used as a basis to begin questioning the reason for different
structures within the cell and causal relationships between the structures and
outside forces and substances. (Do not go into all of the workings of the cell
at this time only that the cell has many functions and just as the student
needs energy to carry out his daily jobs such as school, work, sports, the
cell needs a constant supply of energy to do various jobs.) This lays a
groundwork for questioning how and where this energy comes from.
Ask student how they think cell gets energy. Draw and describe what they believe
happens. Introduce teacher model that oxygen and sugar play a role of
energy production in the cell. Have student respond to this idea. How do
they see this happening or not happening?
Show animation of mitochondria.
Introduce the power release by ATP in the mitochondria of cell. Review
where ATP originated and what it is, a molecule with high energy.
Ask student to think about what that molecule might resemble; have
student think of an analogy first. Draw this model.
Show student the popper and suggest to student that the popper represents an ATP
molecule. Have student pull the ends of the popper simultaneously. Loud
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pop will occur. Ask student what has happened. What does noise being
released represent? Want student to begin to understand that energy is
released. This energy is then available to do work in cell.
Ask student to think about how many of these ATP molecules are being
continuously produced and available to produce energy when “popped”
or has bond broken. What happens if cells no longer have the energy
necessary to carry out normal processes? What happens to heart or liver
cells? To skin cells? To a muscle cell?
Have student discuss what might happen to a muscle in the leg if there
is a decrease of oxygen or sugar to the cells of that muscle. Suggest to
student that there is another way that the body can produce ATP in some
situations. This is common in the muscles that need a constant supply
of high energy molecules for movement.
Show animation exercise in ADAM. Have student draw and describe what
his/her model is of the anaerobic and aerobic action in the cells.
Have student redraw generic model of cell based on new information.
Looking for not only integration of factual information but also causal
relationships.
Assess understanding and integration of information so far by having
the student draw what they envision three different samples from
different tissues in the body would look like under the microscope.
Then have student make generic drawing of one of these structures.
From there ask student to show in drawings what happens inside
this one structure.
Movement of oxygen and sugar to the cells in a closed system: (Circulation
and Digestion)
Ask student to draw a person and show how oxygen and sugar move to the cells.
Probe to encourage student to build possible models of how this could
happen.
If the student does not have any ideas or does not include circulation of blood
through vessels (with or without lungs and heart), then suggest a teacher
model that includes a closed circulatory system. Encourage student to
respond to this idea and draw what that might look like.
If the student does include vessels with the flow of blood ask the student to
describe how the oxygen and sugar move through the vessels - encourage
description and drawing to ascertain if the student’s model is that of a closed
system.
Show animation of blood flow and cardiovascular circulation in ADAM.
(Dissonance producing) Have student describe what he/she sees on the
animation and discuss how this compares to his/her model.
Have student draw a few cells and draw and describe how the blood in the
circulatory system gets to those cells. Confront alternative conceptions with
open-ended questions that encourage student to criticize his/her model when
necessary.
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Draw cells that are several cells deep away from a small capillary and ask the
student how the far cells would get oxygen and sugar. Would this way be
efficient? How might this affect the size of an organism, the movement and
speed of an organism? What structure would be most efficient and effective
in humans?
Ask students how sugar and oxygen move in and out of the cell and blood vessel.
Have them draw showing movement. What causes movement? Encourage
student to develop hypotheses.
Introduce the idea of diffusion. Ask the student what happens when a drop of food
coloring is placed in a glass of water. Encourage student to describe his/her
model of what is happening. Use open-ended questions to get the student
to explain on as detailed a level as possible (i.e. Random movement of
molecules). This may not be possible at this time.
Place a drop of green food coloring in a glass of water and have student
describe what he/she sees happening. Encourage development of
hypotheses
to explain. Ask student to think about what would happen if perfume was
sprayed on one side of the room. Describe what might happen.
Show animation of diffusion in Eyewitness Science 2.0. May have to show several
times. Have student discuss what is shown. How does this correspond to
the student’s model. {Dissonanceproducing)
Show nutrient exchange animation in ADAM to show the capillaries. (Dissonance
producing) This may differ from the student’s model. Encourage
discussion. How does nutrient exchange relate to what the student’s model
of diffusion? Have student draw the inside of a cell and the blood vessel
next to it to show this relationship.
Draw the student’s attention to the blood cells in the computer animation. How big
are they compared to the cell outside the vessel? What does this mean to
what can move in and out of the cell? Can blood vessels move into the cell?
What happens to the blood cells? What is their function?
Ask how the sugar gets into the blood to be taken to the cells. Have student draw
and describe his/her cause-effect model of this.
Show computer animation of digestion with absorption of nutrients by blood
vessels surrounding the intestines. Have student discuss what was shown
in the animation and compare this to his/her cause-effect model.
Return to diffusion. Draw a vessel next to a segment of small intestines. Ask the
student to show how sugar moves from the intestines to the vessel.
(If still having difficulty with diffusion, use activities from the diffusion
kit).
Have student again draw a person and show how oxygen and sugar move to the
cell of a toe. Describe the cause-effect model. Also show what happens
when the sugar and oxygen get to the cell.
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Providing oxygen to the blood stream to be transported to the cells:
(Pulmonary respiration)
Have student again draw a person and show how oxygen and sugar move to the
cells of a toe, the heart, a muscle.
If the model does not include lungs at this time, have the student describe how each
breath in and out of the body works. Where does it go? What exactly is it
for? If the student still does not include lungs, suggest that humans have
organs called lungs where the air entering the body goes when we breathe
in. What does the student imagine these might look like?
Have student draw a picture of just the lungs showing the inside as well as the
outside. If draws empty balloon shaped lungs, do the breath volume
exercise:
Ask student how big the lungs are. Show with hands.
Give student a balloon blown up to that size.
Have student measure the amount of air in the balloon using the
volume measuring bag.
Now have student take a deep breath into the breath volume
measuring device and compare the two amounts.
Why might this be different?
Ask how much surface of the inner part of the balloon is available
for oxygen to move through. What happens to all the air in the
middle of the balloon? Encourage student to criticize his/her model
of a balloon lung for its efficiency in supplying enough oxygen out
to the body.
If student draws a lung that is composed of continuous cells (without
alveoli),ask the student where the oxygen goes when it enters the
lungs. Go on to the section using the freeze-dried lung to produce
dissonance and criticism of student’s prior model. Then come back
to the grape analogy.
Ask student to think if there is any other more efficient way to get high quantities of
oxygen into the lungs and out to the body.
Ask student to look at a large 1000 centimeter cube and determine its surface area.
Then look at 1000 individual centimeter cubes and figure out their surface
area. What difference is there? Have the student suggest if there is a
connection between the amount of surface area available in the balloon
shaped lung than if the lung were actually shaped like a bunch of grapes.
Show grape cluster. Encourage student to discuss surface area of grapes
compared to the balloon. (Grapes represent alveoli. There are about 300
million alveoli in the human lungs that give 60-80 square meters of surface
area for gas exchange)
Have student redraw the model of the inside of a lung.
Show student the freeze-dried section of real lung. Have student describe
what it looks like and how it relates to the grape analogy. Note tiny holes in
section. What are these? Note spongy consistency. Why?
Point out, if the student does not notice, the larger holes that are the larger vessels
and bronchioles entering the lung segment. Have student suggest what
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these are and what their function is.
Return to the movement of oxygen from the outside air to the circulatory system to
then be transported to the cells. Ask the student how the oxygen that is now
in the small grape like air sacs gets out to the circulatory system. Have
student draw a model showing movement if possible.
Using the grape clusters have the student wrap string around one grape.
Suggest to the student that the grape represents one alveoli or air sac and the
string represents the tiny blood vessels around each air sac.
Show animation of gas exchange in the lungs in ADAM. Have student draw and
describe verbally a model of what is happening in the lungs. Have student
use the grape cluster and string to show this action.
Using actual lungs on a pump apparatus, have student investigate the feel,
consistency, and structure of a whole lung. Guide student to notice the
trachea, bronchus, bronchioles, and vessels entering the lung tissue. Not
spongy feel as the lungs are inflated. Have student trace the path of oxygen
from the outside into the lungs and out to the body. Have student describe
and draw what this action looks like to him/her.
Have student draw and describe his/her model showing the movement of oxygen
and sugar from the outside of the body to a cell and its function within the
cell.
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energy. ATP in the muscles
would get used up and tired.
Concept 5 achieved
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alveoli in lungs.
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->M,
cells produce ATP from sugar and oxygen.
ATP is used for energy for the body.
Concept 2 achieved
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persists with shape but includes
ability to expand and contract
air moves in and out
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horseshoe shaped lungs hollow with few vessels
in central area. Lungs
make blood that goes
to heart.

•Sj

J8
3
O

c3

bO

3
co

j-i

= *-*

••3 | 1
><§£
13 on "O
•

c

o

•d
cd

a

<D
W)

0) -C

5
K.S &
“ X X
§.2U
D —

JG TJ T3
O - C

X S cd on

U g <A

W>

on i_>
C
ed S <U 3
Mu O

1.8
CX

<u

B
u»
O cd
O W)

238

239

application leads to beginning
cause/effect relationship
Dynamic model with structure & function.
Cause/ effect relationship. Organismic and cell
integration. Concept 2 achieved
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